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SPECIFICATION 



PROGRAMMABLE LOGIC DEVICE 



5 TECHNICAL FIELD 
[000 1] 

This invention is related to the programmable logic device (PLD). 
More particularly, this invention is related to the architecture, operation 
and design of PLD that utilizes lookup table cascade (LUT cascade), where 
10 each LUT corresponds to the decomposed function of the objective logic 
function. 



BACKGROUND ART 
[0002] 

15 Field programmable gate arrays (FPGAs) are widely used in the 

design of the logic circuits, recently (reference l). An FPGA is a PLD that 
can change interconnections among logic cells (Configurable Logic Block: 
CLB) arranged in a two-dimensional matrix by rewriting the memory. 
FPGAs work as hardware, and are different from microprocessors (MPUs) 

20 that operate software programs. Thus, a feature of FPGAs is their fast 
manipulation of logic functions. 
[0003] 

On the other hand, in FPGAs, we can change physical 
interconnections between CLBs by programming. Therefore, the physical 
25 design to reduce interconnection delay is necessary, and such work is a 
time-consuming work. Moreover, since the delay depends on 
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interconnections between CLBs, the interconnections delay is hard to 
predict without finishing the layout. Therefore, the performance 
estimation of the logic circuits is difficult during logic design, 
[0004] 

5 Moreover, the fraction of the area for interconnections on the chip 

will be very large, since in FPGAs, the free interconnections among CLBs 
arranged in two-dimensional array are necessary. Moreover, since pass 
transistors are used for the interconnections, the delay of the 
interconnection part is fairly large. 
10 [0005] 

Thus, LUT cascade has been proposed as a PLD that resolves 
above-mentioned demerits of FPGAs (reference 2 and 3). An LUT cascade 
is obtained by a series connection of LUTs. The LUT cascade can be 
represented as a series connection of LUTs that represent the decomposed 
15 functions of the object logic function. The LUT cascade is different from 
the FPGA, since the FPGA realizes logic functions by the networks of CLBs 
arranged in two-dimensional array, while the LUT cascade realizes logic 
functions arranged in a one-dimensional network of LUTs. 
[0006] 

20 Each CLE used in an FPGA realizes a basic logic gate. The basic 

design concept of FPGA is to realize a complex logic circuit by connecting 
these basic logic gates. Therefore, in FPGA, the interconnection circuit to 
connect CLBs arranged in two-dimensional array is inevitable. An FPGA 
requires a large area for interconnections in addition to the area for logic. 

25 Thus, the chip area of FPGA tends to be large. 
[0007] 
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■ 

On the other hand, the basic design concept of an LUT cascade is to 
realize complex logic function by a series connection (one-dimensional array) 
of LUTs that realize complex multiple-output logic functions. Therefore, 
each LUT has, in general, many inputs and many outputs. Since 
5 two-dimensional interconnection circuit is unnecessary, the area for 
interconnections is fairly small, and the most of the chip area is spent for 
the memory area to store LUTs. 
[0008] 

Moreover, in an LUT cascade, the chip area for the interconnections, 
10 and the delay time for the interconnections are smaller than that of FPGAs. 
[0009] 

From here, we will explain a design method of the LUT cascade. FIG. 
52 shows the principle of the LUT cascade. For simplicity, we use an 
example of an LUT cascade without intermediate outputs. 
15 [0010] 

To design a LUT cascade for a given logic function, first, we 
decompose the objective function jiX) into s subfunctions {/iCYi)i/=0, ...,5*1} {s 
^2) . Here, X=ixoy JCn-i) denotes an ordered set of the input variables. 
The unordered set of the input variables is denoted by Iy}. Here, iY} = tYo) 
20 U'-'UiYs-i} {ATi} nUj} = 0(/^7; /,ye{0, ^-l}). The output variables of 
each decomposition function fi (in general, vector) are denoted by 7i+i. 
Hereafter, the number of variables in X and Y are denoted by \X\ and \Y\, 
respectively. Especially, \X\-n, |Ai|=A2i, and |yil=wi. 
[0011] 

25 Let k be the number of input variables of decomposition functions Fo- 

We consider to decompose the objective logic function j06 into s subfunctions, 
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V 

/oCYo),/i(A'i), ...,/s-iCYs-i), where no=k and /2i=/r«i (0</<;s-l) and ns-i=tu3'i't(0^t 
(references 2 and 3). In this case, the objective logic function jOd is 
decomposed into subfunctions^(/^{0, ^-2}) of k variables, and one 
subfunction fs i of (tt) variables. Then, we represent these subfunctions frir 
5 G{0, • 5-1}) by truth tables and implement them by LUTs (look up tables). 
Decomposition can be found by using decomposition chart. The 
decomposition chart of objective logic function jOCiyX2) has 2'^2i rows and 
21^1' columns, with distinct labels of a binary code in the each row and the 
each column of the table, and the corresponding element of the table shows 
10 the truth value of the function jiXiJCi)- 
[0012] 

In FIG. 52, s copies of LUTs (LUTo through LUTs-i) represent 
decomposition functions {/?;/=0, 5-I}. Each LUT (LUTr) can be 
implemented by a memory with k input and i/r+i output. Such memory is 
15 denoted by "Memory for logic." By connecting memories for logic in cascade, 
we have the LUT cascade shown in FIG. 52. 
[0013] 

In the LUT cascade, when the number of inputs and outputs of the 
objective logic function jiX) is large, we need many LUTs to implement jiX). 

20 Therefore, the operation speed of an LUT cascade can be slower than an 
optimally designed FPGA. However, the operation of each subfunction is 
done in high speed by a table lookup of a memory in the LUT cascade. 
Thus, the operation speed of LUT cascade can be faster than software that 
runs on an MPU. 

25 [0014] 

The operation speed of the cascade is easily estimated by the 
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number of levels of an LUT. Therefore, we can accurately estimate the 
performance of the cascade during the logic design. Moreover, the 
interconnections are only between adjacent memories for logic in the LUT 
cascade. Thus, the influence of the interconnection delays need not be 
5 considered at the design of the logic circuit. Therefore, the design of LUT 
cascade is easier than FPGA. 
[0015] 

However, when we implement an objective logic function by an LUT 
cascade shown in FIG. 52, the number of input and the number of rail 

10 outputs (number of lines between adjacent LUTs) of a memory for logic, 
depends on the function to be realized. Thus, to implement a wide range of 
functions, we have to prepare different LUT cascades having cells with 
different number of inputs, and different number of rail outputs. But, this 
is not so convenient. 

15 [0016] 

To make a PLD to realize wider range of functions, one could use 
memories with enough number of inputs. However, the size of the memory 
will be double when the number of inputs is increased by one. Therefore, 
such strategy will increase unused memory. Moreover, the chip area for the 
20 memory increases as the memory increases. And, the compact 
implementation will be difficult, and the power consumption increase, too. 
[0017] 

The purpose of the present invention is to provide a PLD that can 
change the number of input lines and the number of rails of memory for 
25 logic according to the objective function to make the size of memory 
minimum. 
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DISCLOSURE OF THE INVENTION 
[0019] 

15 A first structure of the present invention provides a programmable 

logic device comprising^ 

memories for logic which are arranged in series to store LUTs (look 
up tables) of logic functions; 

plural external input lines for input variables connecting to said 
20 memories for logic; 

one or more memories for interconnection which store(s) information 
for connection how to select either output lines of said memory for logic of 
the preceding stage or said external input lines connecting to each input line 
of said memory for logic of the succeeding stage; and 
25 one or more reconfigurable interconnection circuits which connect(s) 

the output lines of said memory for logic of the preceding stage or the 
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external input lines with the input lines of said memory for logic of the 
succeeding stage according to the output of said memory for interconnection. 
[0020] 

Each memory for logic stores the logic function corresponding to an 
5 LUT, so that the LUT cascade realizes the objective logic function. Here, 
"memory" denotes the device where data is stored for each address, and by 
specifying the address, we can read the data corresponding to the address. 
Therefore, "memory" can consist of two or more physical devices. Each 
interconnection circuit makes a connection between output lines of the 
10 memory for logic of the preceding stage or external input lines with input 
lines of the succeeding stage, according to the information of the memory for 
interconnections. In this way, we can realize the LUT cascade for the 
objective function. 
[0021] 

15 The logic function in the memory for logic and the information for 

connection in the memory for interconnections are updated so that the LUT 
cascade realizes the objective function. In this case, we can change the 
number of rail outputs (that is, the number of lines that connect two 
adjacent memories for logic), and the number of external input lines that 

20 are connected to the memory for logic. In this way, we can compose the 
LUT cascade that realizes objective logic function. That is, we can adjust 
the number of rails and the number of external input variables that are 
connected to the memory for logic in the succeeding stage. In this way, 
with a single PLD, we can realize wide range of logic functions. As a result, 

25 we can reduce the number of input lines of the memory for logic. And, we 
can reduce the size of the circuit. 
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[0022] 

Moreover, we can modify the ratio to the number of the output hnes 
from the preceding stage of LUT and external input variables to optimize 
the usage of the device. Therefore, we can utilize the input lines of the 
5 memory for logic and efficiently use the memory area. 
[0023] 

The PLDs in this invention are definitely different from FPGAs, in 
the point that the memories for logic are arranged in series or in a 

■ 

one- dimensional array. 
10 [0024] 

That is, in the case of FPGAs, the connections between CLB are not 
one-to-one, since each output line of a CLB in an FPGA may have more than 
two fan-outs. Therefore, we need the interconnection circuit having a high 
degree of freedom to establish the connection. Therefore, the 
15 interconnection circuit of the FPGA will be large, and the ratio of the 
interconnections on a chip is rather large. 
[0025] 

On the other hand, in an LUT cascade, the PLD of this invention, 
the memory for logic is arranged in series. Therefore, for each output line 
20 of a memory for logic of the preceding stage, or for each external input line, 
we have only to connect to just one input line of a memory for logic. 
[0026] 

Let Yi={yi} be the set of the output lines of the memory for logic in 
the preceding stage. Let X=ix} be the set of the external input lines, let 
25 Zr+i={zr+i} be the set of the input line of the memory for logic of the 
succeeding stage. In this case, the interconnection circuit makes 
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connection such that |Zr+il elements in the set YiUX are associated with 
the elements of Zr+\QYiUX, in one-to-one correspondence manner. That is, 
the interconnection circuit basically selects |Zr+i I lines out of | KiUA^I lines. 
(Moreover, if necessary, it permutes the order of selected lines.) 
5 [0027] 

Therefore, the interconnection circuit of the LUT cascade is much 
easier than that of an FPGA. Also, the area for interconnections on chip 
can be reduced drastically. Moreover, the connections are among adjacent 
memories for logic, and the placement and routing design are unnecessary. 
10 Therefore, the influence of physical interconnection delay need not be 
considered in the circuit design. 
[0028] 

In addition, the area for interconnections in the chip is localized. 
Therefore, for high-speed applications, we can design the PLD so that it 
15 avoids the reflections, cross talks and parasitic effects. ' That is, this PLD 
can be used for high-speed applications. This is quite different from 
FPGAs, where a high-speed operation is difficult when the logic circuit is 
complex. 
[0029] 

20 A second structure of the present invention provides a 

programmable logic device comprising- 

memories for logic arranged in a circular shape to store LUTs of logic 
functions; 

plural external input lines for input variables connecting to said 
25 memories for logici 

one or more memories for interconnection which store(s) information 
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for connection how to select either output Unes of said memory for logic of 
the preceding stage or said external input lines connecting to each input line 
of said memory for logic of the succeeding stage; and 

one or more reconfigurable interconnection circuits which connect(s) 
the output lines of said memory for logic of the preceding stage or the 
external input lines with the input lines of said memory for logic of the 
succeeding stage according to the output of said memory for interconnection. 
[0030] 

By connecting the memory for logic in a circular .way, we can realize 
multiple-output logic function by a programmable logic element for an LUT 
ring, the detail will be described in later. (Refer Example 3 of Embodiment 
11) 

[0031] 

By adding the latches that store the address of the memory for logic, 
as will be described later, by synchronizing with the clock pulse, and by 
connecting the memories for logic in a circular way, we can simulate the 
LUT cascade of an arbitrary number of levels. In this case, the efficiency of 

* 

memory usage for logic can be improved. 
[0032] 

In the PLD in this invention, memories for logic are arranged in a 
circular shape, which is quite different from FPGA. Therefore, the 
interconnection circuits have only to connect either the output lines of one 
memory for logic or the external input line to an input line of a one memory 
for logic. Therefore, similar to the first structure, the interconnection 
circuit of the PLD is very simple compared with that of FPGAs, and the area 
for interconnections can be reduced. Moreover, the physical design is 
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unnecessary because only the connections between adjacent cells must be 
considered. Therefore, during the logic design, we need not consider the 
influence of a physical interconnection delay. 
[0033] 

5 A third structure of the present invention provides the 

programmable logic device according to the first or second structure 
comprising external output lines which send out the result of logic operation 
to the external circuit; and wherein 

said memory for interconnection stores information for connection 
10 how to select output lines of said memory for logic of the preceding stage 
that connect to said external output linesi 

said interconnection circuit connects the output lines of said memory 
for logic of the preceding stage with said external output lines according to 
the output of said memory for interconnection. 
15 [0034] 

With this structure, we can take out the output signals from an 
arbitrary stage of the series connected memories for logic. Thus, when the 
required number of stage of the cascade is smaller than the number of 
stages in the PLD, we can make the circuit faster by taking the signals from 
20 the middle of the stages. 
[0035] 

Moreover, when we realize a multiple-output logic function, for the 
output functions that are completed in the middle of the cascade, we can 
take out the output signals without propagating the succeeding stage of 
25 memories. With this, we can reduce the number of inputs of LUTs of the 
succeeding stages. Moreover, we can make the circuit faster by producing 
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the output signals that are completed in the middle of cascade. 
Furthermore, we can reduce the amount of memory in the LUTs of the 
succeeding stages, since the number of inputs to the LUTs is reduced. 
[0036] 

5 A fourth structure of the present invention provides the 

programmable logic device according to any of the first to third structures 
comprising means to store the designator for block which stores the variable 
for designating block to specify the block in the memory for logic; and 
wherein 

10 said interconnection circuit connects the output lines of said memory 

for logic of the preceding stage, the external input lines, and the output lines 
of means to store the designator for block with the input lines of said 
memory for logic of the succeeding stage, according to the output of said 
means to store the designator for block, 

15 so that input variables from outputs of said memory for logic of the 

preceding stage and said external input lines, are sent to the memory area 
of said memory for logic of the succeeding stage which is specified by 
variable for designating block, 

or so that input variables from output of the memory block of said 

20 memory for logic of the preceding stage which is specified by variable for 

designating block and said external input lines, are sent to said memory for 

logic of the succeeding stage. 

[0037] 

In this structure, the whole memory is partitioned into blocks (such 
25 as page), and each block store one or more LUTs. The means to store the 
designator for block stores the values that specify the memory area, where 
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the logic function of LUT is stored. The memory for interconnections stores 
the information for connection so that the output lines of the means to store 
the designator for block are connected to the input lines of the memory for 
logic of the succeeding stage. 
5 [0038] 

To read the LUT containing desired logic function, first read the 
variable for designating block from the means to store the designator for 
block corresponding to the logic function; read the connection information 
from the memory for interconnections; and switch the interconnection 
10 circuit to read the desired data. Then, read the LUT corresponding to the 
memory area specified by the variable for designating block. As a result, 
we can select one function out of many functions. 
[0039] 

A fifth structure of the present invention provides the programmable 
15 logic device according to any of the first to fourth structures comprising- 

an intermediate variable register which stores outputs of said 
memories for logic and sends them to the inputs to succeeding said memory 
for logic activated by the external data strobe signal. 
[0040] 

20 As a result, the outputs of the memory for logic in each stage are 

temporarily stored in the intermediate variable register. Therefore, the 
flow of the operation data is temporarily blocked by the intermediate 
variable register. That is, the operation is done in the LUT step by step, 
synchronized with the data strobe signal. Therefore, the operation of LUTs 

25 of the each logic function can be synchronized to an external circuit, when 
the data strobe signal is synchronized with the clock of an external circuit. 
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[0041] 

Moreover, the operation is done in step-bystep in each memory for 
logic. Therefore, multiple jobs can be processed in pipeline operation. 
[0042] 

5 When the memory for logic is connected in a circular way, we can 

increase the degree of freedom on the number of input variables. That is, 
when the number of input variables of the objective logic function is larger 
than the sum of the numbers of input lines of memory for function; by using 
clock pulse, we can use the LUT ring more than once to realize an LUT 

10 cascade with more cells. And, we can do the logic operation sequentially by 
changing the active area of the memory. Therefore, we can change the 
number of levels of cascade according to the objective logic function or the 
amount of available memory. In this way, we can increase the degree of 
freedom for design. 

15 [0043] 

Furthermore, when the memory for logic is connected in a circular 
way, we can increase the number of levels of LUT cascade using clock pulse. 
With this, we can reduce the size of each LUT. This enables us to use 
smaller memories for logic in each stage. And, the power consumption of 

20 the each logic for memory can be reduced. Also, only a part of the 
memories performs read operation at a time, and only such memories 
dissipate substantial power. Therefore, this PLD dissipates lower power 
than MPU and an FPGA. Moreover, since the memories that are not 
performing read operation can be set to the low power mode (sleep mode), 

25 further reduction of power consumption is possible. 
[0044] 
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Here, the clock pulse can be used as a data strobe signal. 

[0045] 

A sixth structure of the present invention provides the 
programmable logic device according to any of the first to fifth structures 
5 comprising- 

bypass lines to connect inputs with outputs of said intermediate 
variable register; and 

bypass selection circuits that select either the output lines of said 
intermediate variable register or said bypass lines, and produce the signal of 
10 the selected lines. 
[0046] 

If all the bypass selection circuits select the output lines of the 
intermediate variable register, then a synchronous operation using the data 
strobe signal can be done. On the other hand, if the bypass selection 

15 circuits select the bypass lines, then the outputs of the memory for logic of 
the preceding stage are sent to the memory for logic in the succeeding stage 
directly without latched by the intermediate variable register. In this case, 
the LUT cascade computes the objective logic function in a high speed 
asynchronous mode. 

20 [0047] 

A seventh structure of the present invention provides the 
programmable logic device according to the fifth or sixth structure 
comprising- means to designate the memory for logic which specifies the 
index of said memory for logic to perform the operation by counting the 
25 number of said data strobe signals. 
[0048] 
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Thus, by using the means to designate the memory for logic, we can 
specify the position of the memory for logic where the job exists. Here, 
"job" is a work that generates the data by executing the operation to the 
input variables by each LUT in the LUT cascade. 
5 [0049] 

A eighth structure of the present invention provides the 
programmable logic device according to any of the fifth to seventh structures 
comprising- means for power control that set said memories for logic 
performing the operations to the normal mode and other memories for logic 
10 to the low power mode. 
[0050] 

In this structure, the operation in the memory for logic is executed 
one-by-one, synchronized with the data strobe signal; and temporarily 
stopped by the intermediate variable register. In this case, the means for 
15 power control makes the memories for logic that are not performing 
operation into low power state (sleep state), and the memories for logic that 
are performing operation into the normal state (wake-up state). In this 
way, we can reduce the power consumption of the PLD. 
[0051] 

20 A ninth structure of the present invention provides the 

programmable logic device according to any of the first to eighth structures 
wherein the input lines of part of said memory for logic are directly 
connected to said external input lines without passing through said 
interconnection circuit. 

■ 

25 [0052] 

For the first stage of the memory for logic, external input variables 
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are connected to the all inputs of the memory for logic. On the other hand, 
for other stages of the memory for logic, both output signals of the preceding 
stage and external input variables are connected to the inputs of the 
memory for logic. 
5 [0053] 

In many of practical LUT cascades, at least one external input 
variable is connected to the input of each memory for logic. Thus, we can 
implement a general-purpose PLD, where in the memory for logic other 
than the first stage, at least one external input variable is directly 

10 connected to the input of the memory for logic, without passing the 
interconnection circuit. With this design, the number of input lines of the 
interconnection circuit can be decreased. Moreover, we can reduce the size 
of the circuit further, because we can reduce the interconnection circuit and 
the number of wiring in the memory for interconnections. 

15 [0054] 

A tenth structure of the present invention provides the 
programmable logic device according to any of the first to ninth structures 
wherein the output lines of part of said memory for logic are directly 
connected to the input line of part of the memory for logic in the succeeding 
20 stage, without passing through said interconnection circuit. 
[0055] 

To the input lines of each memory for logic other than the first stage, 
output lines of the memory for logic in the preceding stage are connected in 
part, and external input variables are connected in part. 
25 [0056] 

In many of practical LUT cascades, to at least one input line of the 
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memory for logic, the output of the memory for logic in the preceding stage 
is connected. Thus, we can implement a general-purpose PLD, where in 
the memory for logic other than the first stage, at least one of the outputs of 
the memory for logic in the preceding stage is directly connected to the input 
5 of the memory for logic of the succeeding stage without passing through the 
interconnection circuit. With this design, the number of input lines of the 
interconnection circuit can be reduced. Moreover, we can reduce the size of 
the circuit further, because we pan reduce the interconnection circuit and 
the number of wiring in the memory for interconnections. 
10 [0057] 

An eleventh structure of the present invention provides the 
programmable logic device according to any of the first to tenth structures 
wherein 

said interconnection circuit comprises selectorsJ and 
15 each said selector selects 

either an output line of said memory for logic in the 
preceding stage or an external input line, or 

either an output line of said memory for logic in the 
preceding stage, said external input line, or an output line of the mean to 
20 store the designator for block, and 

connects to the input line of memory for logic in the succeeding stage, 
according to the output values of said memory for interconnection. 
[0058] 

A twelfth structure of the present invention provides the 
25 programmable logic device according to any of the first to eleventh 
structures wherein 
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said interconnection circuit comprises a shifter where output hnes of 
said memory for logic in the preceding stage are shifted to connect to the 
input Hne of said memory for logic in the succeeding stage, according to the 
output values of said memory for interconnection. 
5 [0059] 

A thirteenth structure of the present invention provides the 
programmable logic device according to any of the first to twelfth structures 
wherein 

■ 

said interconnection circuit comprises multiplexers; and 
10 said each multiplexer selects one line out of the plural output lines 

of said memory for logic in the preceding stage and the plural external input 
lines, and connects it to an input line of said memory for logic in the 
succeeding stage, according to the output values of said memory for 
interconnection. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 
[0060] 

FIG. 1 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 1 of the present invention; 
20 FIG. 2 is a schematic diagram of the input selector in FIG. i; 

FIG. 3 is a block diagram of the memory for logic in FIG. i; 

FIG. 4 is a schematic diagram of the peripheral of the 
interconnection circuit in FIG. l; 

FIG. 5 is a block diagram of the memory for interconnections in FIG. 

25 i; 

FIG. 6 is a flowchart showing the operation of the PLD in 
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EMBODIMENT i; 

FIG. 7 is a block diagram when the crossbar switches are used for 
the interconnection circuit in FIG. li 

FIG. 8 is a block diagram when the multiplexer array is used for the 
interconnection circuit in FIG. li 

FIG. 9 is a block diagram when the selector array is used for the 
interconnection circuit in FIG. IJ 

FIG. 10 illustrates the eight-bit adder; 

FIG. 11 illustrates the eight-bit adder that is decomposed into eight 
subf unctions; 

FIG. 12 illustrates the eight-bit adder that is decomposed into eight 
subfunctions; 

FIG. 13 illustrates the eight-bit adder that is decomposed into four 
subfunctions; 

FIG. 14 is a truth table of subfunctions that are derived by 
decomposing the eight-bit adder into four; 

FIG. 15 shows truth values stored to the 0-th page of memory for 
logic 4-0 in example i; 

FIG. 16 is a truth value stored to the O'th page of memory for logic 

(4-1) - (4-3) in example i; 

FIG. 17 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 2 of the this invention; 

FIG. 18 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 3 of the this invention; 

FIG. 19 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 4 of the this invention; 
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FIG. 20 is a schematic diagram showing the structure of the output 
register and the output decoder in FIG. 19; 

FIG. 21 is a schematic diagram showing the structure of the memory 
elements in FIG. 20; 

FIG. 22 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 5 of the present invention; 

FIG. 23 is a schematic diagram showing the structure of the second 
output selection circuit in FIG. 22; 

FIG. 24 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 6 of the present invention; 

FIG. 25 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 7 of the present invention; 

FIG. 26 is a block diagram of operation control part 10 in FIG. 25; 

FIG. 27 is a schematic diagram showing the structure of the inside 
of output controller 64 in FIG. 26; 

FIGS. 28(a) and 28(b) are a flowchart showing the operation of the 
PLD in accordance with EMBODIMENT 7; 

FIG. 29 is a timing chart for describing the change of each signal for 
the PLD in accordance with EMBODIMENT 7; 

FIG. 30 illustrates the adder for two 2n-bit binary numbers A and B; 

FIG. 31 illustrates functional decomposition of a 2n bit adder for A 
and B: decomposed into 2n subfunctions {go, gi, g2n-i}; 

FIG. 32 illustrates functional decomposition of a 2n bit adder for A 
and B: decomposed into 2n subfunctions {go, gi, g2n-i}; 

FIG. 33 illustrates functional decomposition of a 2n bit adder for A 
and B- decomposed into n subfunctions {fo, fi, fn i); 
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FIG. 34 is a truth table for decomposition function fiJ 
FIG. 35 shows truth values stored in the first page of memory for 
logic 4-0; 

FIG. 36 is the truth table stored in the 0-th page of memory for logic 
5 (4-0) - (4-3); 

FIG. 37 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 8 of the present invention; 

FIG. 38 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 9 of the present invention; 
10 FIG. 39 is a block diagram of the PLD in accordance with 

EMBODIMENT 10 of the present invention; 

FIG. 40 is a simplified block diagram of the operation part of the 
PLD in accordance with EMBODIMENT 10 of the present invention; 

FIG. 41 is a schematic diagram showing the structure of the 
15 interconnection circuit and the memory address register in FIG. 40; 

FIG. 42 is a schematic diagram showing the output circuit of the 
PLD in accordance with EMBODIMENT 10 of the present invention; 

FIGS. 43(a) and 43(b) illustrate the flow of the operation of the PLD 
in accordance with EMBODIMENT 10; 
20 FIGS. 44(a) and 44(b) illustrate the flow of the operation of the PLD 

in accordance with EMBODIMENT 10; 

FIGS. 45(a) and 45(b) illustrate the flow of the operation of the PLD 
in accordance with EMBODIMENT 10; 

FIGS. 46(a) and 46(b) are views explaining the concept of the 
25 memory packing; 

FIG. 47 is a simplified block diagram of the PLD in accordance with 
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m 

EMBODIMENT 11 of the present invention; 

FIGS. 48(a) to 48(d) are views explaining the example of the PLD for 
a four-stage LUT cascade using a pair of logic for memories; 

FIGS. 49(a) and 49(b) illustrate logic functions f and g realized by 
5 LUT cascades; 

FIG. 50 illustrates logic functions f and g realized by a pair of LUT 
cascade; 

FIG. 51 illustrates the LUT ring that obtained by merging the LUT 
cascades for f and g; and 
10 FIG. 52 illustrates the principle of the LUT cascade. 

■ 

BEST MODE FOR CARRYING OUT THE INVENTION 

1. Definition 

[0061] 

15 The symbols and the terminology used in this patent are defined as 

follows- 
[0062] 

(Definition l) The symbols "{ }" denote an unordered set. The 
symbols "( )" denote an ordered set. For a set of variables {;ci, X2, x„}, 
20 when the order of the elements is important, the set is denoted by (jci, X2, 

x„) = X, On the other hand, when the order is not important, it is denoted 
hy {x\,X2, ...,x„} = {X}. The number of variables in X is denoted by \X\. 
[0063] 

(Definition 2) The logic function for which we realize a LUT 
25 cascade by a PLD is the "objective logic function," and it is denoted by/ 
The set of the input variables of the objective logic function is denoted by 
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^=(^1, x„), where « is a natural number. 
[0064] 

(Definition 3) Let the objective logic function be represented 
by a composite logic function^ J{X) = ^^^(^^-1, ^^-2(^^-2, X-3(../i(^h /o(-^o))...)))> 
5 where {Xi} Q {X} and {X} = {Xo} ^ {Xx} U • * U {A;..,}. "Functional 
decomposition" is to decompose the objective logic function J{X) to the 
ordered set of subfunctions /i, ^-1). Each function fi is called 
"decomposition function/' where / G { 0, 1 , 2, • • * , ^- 1 } . 
[0065] 

10 (Definition 4) "Multiple-output logic function" is a logic function 

whose number of outputs is two or more. 

In the following, the best modes of the implementation of the 
invention are described referring to the drawings. 

15 11. EMBODIMENT 1 

[0066] 

The simplified block diagram of the PLD in accordance with 
EMBODIMENT 1 of the present invention is illustrated in FIG. 1. 
[0067] 

20 The PLD for EMBODIMENT 1 of the present invention consist of an 

input variable register (l); input selectors (2*0) - (2-3); memories for input 
selection (3-0) - (3-3); memories for logic (4-0) • (4-3); interconnection circuits 
(5*1) • (5-3); memories for interconnections (6*1) - (6-3); and an operation 
control part (10). 

25 [0068] 

The input variable register (l) stores the inputs ^^(jci, x„)' where 



25 

X has n variables, and is used for the operation of objective logic function 
j{X), where n is a natural number. Input variables X are sent through the 
external input lines to the input variable register (l). Memories for logic 
(4-0) - (4-3) store the truth tables of decomposition functions {/J ; /^{O, 1, 2, 
5 3}}- where they are obtained by decomposing the objective logic function /, 
and are stored as LUTs. In this embodiment, the number of stages of the 
memories for logic (4-/) 0'£{0, 1, 2, 3}) is four, however the number of stages 
of the memories can be, in general, arbitrarily number. These memories for 
logic (4-0) - (4-3) are connected in series by the interconnection circuits (5-1) 
10 • (5-3). 
[0069] 

Input selectors (2-0) - (2-3) select inputs Xi ( /^{O, 1, 2, 3} ) from n 
input variables Jf= (xi, jc„) stored in the input variable register i: where JC- 
are used for the truth tables of decomposition functions { / ; /^{O, 1, 2, 3} } 

15 stored in memories for logic (4-0) - (4-3); and send the inputs Xi either to the 
memories for logic (4-0) ■ (4-3), or to the interconnection circuits (5"l) - (5-3). 
The memories for input selection (3-0) - (3-3) store the information to select 
input variables for the input selectors (2-0) - (2*3): where this information is 
stored as LUTs. Hereafter, this information is referred to as "information 

20 for input selection." Input selectors (2-0) - (2-3) select the input variables 
using the input selection signal produced by memories for input selection 
(3-0) - (3-3), 
[0070] 

Each interconnection circuit (5-/) (/ £{ 1, 2, 3 }) selects signals from 
25 the intermediate variables Yi and the input variables Xi, that are produced 
by the memory for logic (4-(/-l)) and the input selector (2-/), respectively; and 



26 



reorder them appropriately. Then the interconnection circuit (5-/) sends the 
reordered variables to the memory for logic (4-/) of the succeeding stage or to 
the external output line (7-/). Each memory for connection (6-/) stores the 
"connection information" of each connection circuit (5-/). The connection 
5 circuit (5-/) implements the connection according to the information stored 
in the memory for interconnections (6-/). 
[0071] 

■ 

The operation control part (lO) controls the operation of the whole 

PLD. 
10 [0072] 

FIG. 2 shows a schematic diagram of the input selector (2-/) 0, 1, 
2, 3 }) in FIG. 1. Hereafter, when (2-0) - (2-3) are treated together, we 
denote them as (2). This diagram is simplified to show the principle of 
operation and details are omitted. 
15 [0073] 

The input selector (2-/) 0, 1, 2, 3 }) of this embodiment consists of 
the shifter illustrated in FIG. 2. It shows an example of a 17-input 
8-output input selector; however, the numbers of I/O can be different values. 
[0074] 

20 In the input selector (2-/) (/G { 0, 1, 2, 3 }), the input terminals (in(00) - 

//i(16)) are connected with the output terminal of input variable register (l). 
Therefore, input variables X=(xu x„) are supplied from in{00) - />2(16). 
Moreover, output terminals (ow/(00) - out{01)) of the input selector (2-0) is 
connected to the inputs of the memory for logic (4-0). The output terminals 

25 (ou^(OO) - out{Ql)) of input selector (2-/) (/S { 1, 2, 3 }) are connected to a part of 
input terminals of the interconnection circuit (5-/). 
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[0075] 

In the input selector (2-/) (iG{0, I, 2, 3}), a 8-bit shifter (11-3), a 4-bit 
shifter (11-2), a 2-bit shifter (ll-l), and a 1-bit shifter (ll-O) are connected in 
series from the input to the output. With this, the input selector (2-/) ( iG 
5 { 0, 1, 2, 3 }) can shift the data m(00) - in(l6) by 0 through 15 bits; and send 
the consecutive 8-bit data to the output terminals out(00) - out{Ql). 
[0076] 

To each shifter (11-0) - (11-3), control lines (shfO - shO) of 1-bit are 
connected. When the control line (shf j) (/G{ 0, 1, 2, 3 }) is '0', the shifter 

10 (11-0 does not shift the connection, while when the control line (shf j) 0, 
1, 2, 3 }) is '1\ the shifter (11-/) do the shift operation. In an input selector 
(2-0 (/G{ 0, 1, 2, 3 }), each control line (shfO - shG) is connected to the output 
of a memory for input selection (3-0- Therefore, the 4-bit signals produced 
by the memory for input selection (3-0), that is, information for input 

15 selection, are directly connected to the control lines (shfO - shf3) as the 
selection control signals, to specify the amount of shift in the input selector 

(2-0. 
[0077] 

In FIG. 2, the amplitude of the signal of input variable X decays by 
20 each passing transistor in shifter (11-0) - (11-3). Therefore, in practice, we 
have to insert amplifier (buffer) every several stages of the shifter to 
compensate the decay of the signal of input variable X. However, we 
omitted them in the figure for simplicity. 
[0078] 

25 When the outputs of a multiple-output function is partitioned into 

sets, and each set of outputs is realized independently, we may not use the 
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shifter (2-/) 0, 1, 2, 3 }). In such a case, we may use crossbar switch 
such as shown in FIG. 7, or multiplexer array such as shown in FIG 8 
(details will be explained later). 
[0079] 

5 FIG. 3 shows a block diagram of the memory for logic (4-/) (i'G { 0, 1, 2, 

3 }) in FIG. 1. Hereafter, when plural indices (4-0) - (4-3) are treated 
together, we denote them by index (4). 
[0080] 

The memory for logic (4) has p blocks of memory area {FMq - FMp.\). 
10 Thereafter, we call each memory area a "page". Truth tables of 
decomposition functions {fP, /£{ 0, 1, 2, 3 0, * p-l }) are stored in 

these memory areas as LUT (denoted by LUT^^ in FIG 3). Hereafter, the 
memory area where LUT^^ is stored is denoted by FMj. 
[0081] 

15 The subscript "(/)" (^^{O, p-l}) denotes the y-th objective logic 

functions /'^ In the PLD in this embodiment, decomposition functions {fP} 
for the objective logic functions/'^ are stored in the jHh page of the memory 
for logic (4). And, according to the target, the page is switched to realize 
desired objective logic function. 

20 [0082] 

The memory for logic (4-/) (/£{0, 1, 2, 3}) has an address decoder (16). 
The address decoder (16) selects the memory area FMr, using the page 
selection number pr that comes from the operation control part (lO). 
Moreover, the address decoder (16) selects the address to read the content of 
25 the memory in memory area FMr, based on the variable (Ar, Yr) (^^{0, 1, 2, 3}, 
where, Yr'= 0 at r=0)- these variables come from the interconnection circuit 



29 

(2) through the input hne (17) of the bit. The truth value /,^^ {Xr, Yr) of 
the decomposition function fr^^ is stored in the memory cell of this selected 
address. Memory area FMr sends the data stored in the memory cell 
specified by address decoder (16) to the lines (18) as the intermediate 

5 variable lH-i=(yr+i, i, ...,3^H-i,|yrn|). 
[0083] 

FIG. 4 shows a schematic diagram of the interconnection circuit (5-i) 
2, 3}) in FIG. 1. Hereafter, when (5-1) - (5-3) are treated together, we 
denote by (5). To explain the principle of the operation, this diagram is 
10 simplified and the details are omitted. 
[0084] 

The interconnection circuit (5) in this embodiment consists of a 
cyclic shifter that shifts the input signals from the input lines (/o - hs) by an 
arbitrary number of bits, to send the signals to the shiftier output lines {o\ - 
15 o\s). In FIG. 4, for a convenience and an example of the explanation, the 
interconnection circuit has 16 inputs, and 16 outputs; however, the number 
of bits of I/O need not be limited to these numbers. 
[0085] 

The interconnection circuit (5) consists of a series connected shifters- 
20 an 8-bit shifter (20-3), a 4-bit shifter (20-2), a 2-bit shifter (20-1), and a 1-bit 
shifter (20-0) are connected from the input lines (/o - ^is) to the output lines 
(o) - Ois), Each shifter (20-/) (/^{O, 1, 2, 3}) is controlled by the control lines 
(^y, y G{0, 1, 2, 3}) connected with the memory for interconnections (6). 
(When (6-1) - (6*3) are treated together, we denote them by (6). Hereafter, 
25 we will use similar notation.) 
[0086] 
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In the connection circuit (5-r) (rG{l, 2, 3}), the input hnes Qo - h) are 
connected to the outputs of the memory for logic (4-(r-l)) in the preceding 
stage, and the input hnes (h - hs) are connected to the outputs of the input 
selector (2-r). The output lines (oq - 07) are connected to the inputs of the 
5 memory for logic in the succeeding stage (4-r), and the output lines (og - 015) 
are connected to the external output lines (7-r). 
[0087] 

When each shifter (20-0) - (20-3) does not shift, input lines (/o - iis) are 

« 

connected to the output lines (oo - 015). As a result, the intermediate 
10 variables Yr that are outputs of memory for logic (4-(r-l)) in the preceding 
stage, are connected to the inputs of the memory for logic of succeeding 
stage (4-r). 
[0088] 

On the other hand, when only the shifter (20-3) shift the data by 
15 eight bits, the input lines (z'o - h) are connected to the output lines (og - 015); 
and the input Unes (/g - /15) are connected to the output lines (oq - 07). As a 
result, intermediate variables Yr that are the outputs of memory for logic (4- 
(r-1)) in the preceding stage, are sent to the external output lines (7-r). Also, 
all the input variable Xr that comes from the input selector (2-r), are sent to 
20 the inputs of the memory for logic of succeeding stage (4-r). 
[0089] 

Moreover, when only J bit (l^y^7) is shifted by the shifters (20-0) - 
(20-2), the input Unes Qis-j+i - iis) and (lo - ij-i) are connected to the output lines 
(o8 - ois); and the input lines (ij - h+J) are connected to the output lines (oo - 07). 
25 As a result, the j input variables Xr that are sent to the input Unes (/g - /7+j), 
are connected to the memory for logic of succeeding stage (4-r); 



31 



simultaneously, (8-y) intermediate variables that are sent to the input lines 
{ij - h) are also connected to the memory for logic of succeeding stage (4-r). 
Therefore, we can change the numbers of input variables \Xr\=nr of X, and 
the number of intermediate variables \Yr\=Ur of Yr, that are connected to the 
5 memory for logic of the succeeding stage (4-r), under the condition of 

[0090] 

FIG. 5 is a block diagram of the memory for interconnections (6) in 
FIG. 1. The memory for interconnections (6-/) (/^{l, 2, 3}) has p blocks of 

10 memory area (CMq - CMp,\). The memory area (CMq - CMp.\) stores the 
information for connection (si^c-i^^, ^o^^) (jE:{0, • p-l} ): the shift 
information of shifters (20-(//c-l)) - (20-0) of interconnection circuit (5-/). 
Here, Nc shows the number of stages of the shifter in the interconnection 
circuit (5-0, and Nc=4 in FIG. 4. The subscript "(/)" (j^{0, /?-!}) denotes 

15 the information for connection corresponding to the y-th objective logic 
function/'^. 
[0091] 

The Nc bit output lines (^o - sncO of these memory areas (CMo - CMp.\) 
are control lines of shifters (20-0) - (20-(A/c-l)) of the interconnection circuit 

20 (5-0- 
[0092] 

Moreover, each memory for interconnections (6) has an address 
decoder (21). The address decoder (21) selects the r-th memory areas CMr 
according to the page selection number pr produced by the operation control 
25 part (10). The memory area CMr selected by address decoder (21) produces 
the connection control signals showing the information for connection isi^C'\^'\ 
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. , ., sq^''^) of bit to the interconnection circuit (5). 
[0093] 

In the PLD in accordance with this EMBODIMENT as mentioned 
above, the operation is described as follows- 
5 [0094] 

FIG. 6 is a flowchart of the operation of the PLD in EMBODIMENT 

1. 

[0095] 

First, write the decomposition function {/o, "',fs-\} (2 ^^^4) of the 
10 objective logic function^-^ into the r-th page of the memories for logic (4-0) - 
(4-3). Here, r denotes the page number. Moreover, write the information 
for input selection and the information for connection corresponding to 
above-mentioned decomposition function {fo,f\, -"./sa } in the r-th page of 
the memories for input selection (3-0) - (3-3) and the memories for 
15 interconnections (6-1) - (6-3). To write the information into the memory, we 
use an ordinary method; although such circuit is not shown in FIG. 1. In 
the following, we assume that s=A in the example. 
[0096] 

In the condition that the above-mentioned information is written in 
20 the memories, first, the operation control part (lO) set up the page selection 
number pr to the memories for input selection (3-0) - (3-3), and the memories 

■ 

for interconnections (6-1) - (6-3) (SI). 
[0097] 

As a result, memories for input selection (3-0) - (3-3) produce the 
25 information for input selection written in the rth page to control the lines 
{shj^ - shfi) of the input selectors (2-0) - (2-3) (S2). Moreover, memories for 
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interconnections (6-1) - (6-3) produce information for connection (sy', so ') 
written in the r-th page to the control lines of the interconnection circuits 
(5-1) -(5-3) (S3). 
[0098] 

« 

5 According to the information for input selection in the input to 

control lines (shJO - shft), input selectors (2-0) - (2-3) connect a part of input 
terminals (//i(00) - in(l6)) to the output terminals (out(00) - out{Ql)) electrically. 
The interconnection circuits (5-1) - (5-3) connect input lines (/g - hs) with the 
output lines (oo - 07) according to the information for connection (53^'^^, ^o^'^^) 
10 produced by the control lines. 
[0099] 

Next, the operation control part (lO) produces the input variable A" in 
the input variable register (l) (S4). As a result, input variable X^, Xi, 
and Xz are sent to the memory for logic (4*0) and the interconnection circuits 
15 (5-1) - (5-3), respectively. 
[0100] 

i 

Thus, the memory for logic (4-0) first produces the truth values foiX^) 
of decomposition function /q of the input variable Xa as the intermediate 
variable Y\, These intermediate variables Y\ are transmitted to the input of 
20 the memory for logic (4-1) through the interconnection circuit (5-1). 
Moreover, a part of intermediate variable Y\ is transmitted to the external 
output lines (7-1) in some cases. 
[0101] 

To the memory for logic (4-1), the following two kinds of signals are 
25 transmitted- the intermediate variables Y\ produced by the memory for 
logic (4-0); and the input variables X\ transmitted from the input variable 
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register (l) through the input selector (2-1) and the interconnection circuit 
(5-1). The memory for logic (4-1) produces the truth value f\{Xu Y\) of 
decomposition function /i as the intermediate variable Yi, using the input 
variable X\ and intermediate variable Y\, This intermediate variable Yi is 
5 transmitted to the input of memory for logic (4-2) through the 
interconnection circuit (5-2). Moreover, in some cases, a part of the 
intermediate variable Yi is transmitted to the external output line (7-2). 
[0102] 

To the memory for logic (4-2), the following two kinds of signals are 
10 transmitted: the intermediate variables Y2 produced by the memory for 
logic (4-1); and the input variables X2 transmitted from* the input variable 
register (l) through input selector (2-2) and the interconnection circuit (5-2). 
The memory for logic (4-2) produces truth value fiiXi, Yi) of the 
decomposition function fi as the intermediate variable Y^ based on the input 
15 variable X2 and the intermediate variable Yi. This intermediate variable 73 
is transmitted to the input of memory for logic (4*3) through the 
interconnection circuit (5-3). Moreover, in some cases, a part of 
intermediate variable Y^ is transmitted to the external output lines (7-3). 
[0103] 

20 To the memory for logic (4-3), the following two kinds of signals are 

transmitted: the intermediate variables 73 produced by the memory for 
logic (4-2); and the input variables X-^ transmitted from the input variable 
register (l) through the input selector (2-3), and the interconnection circuit 
(5-3). The memory for logic (4*3) produces the truth values 73(^3, Yi) of 

25 decomposition function as the output variables / based on the input 
variable Xi and the intermediate variable Yy This outputs / are 
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transmitted to the external output lines (7-4) (S5). The above-mentioned 
process is done by the pipelining while transmitting from the preceding 
stage to the succeeding stage. And, the operation results of the objective 
logic function / are taken from the external output lines (7-1) - (7-4). 
5 [0104] 

In this EMBODIMENT, we used the shifter shown in FIG. 4, as the 
interconnection circuits (5-1) - (5-3); however, as the interconnection circuits, 
we can use crossbar switches shown in FIG. 7, or the multiplexer array 
shown in FIG. 8. In short, the interconnection circuit (5-/) should have the 

10 following property- Let be the set of output lines of the memory for logic 
in the preceding stage, Xi be the set of external input lines, and Z/ be set of 
the input lines of the memory for logic of succeeding stage; then the 
interconnection circuit (5-/) should select | Z/ 1 elements out of Yi.\ \JXi. Or, 
the interconnection circuit (5-/) should have the function that changes the 

15 order of the element of Z/ if necessary according to the external instruction. 
[0105] 

The interconnection circuit (5-/') by the above-mentioned crossbar 
switch can make the operation faster, since we can reduce the number of 
stages of pass transistors; although the circuit will be larger with the 
20 increases of the control lines than the shifters. 
[0106] 

Moreover, when the permutation of the variables is not necessary 
instead of the interconnection circuits (5-1) - (5-3), we can use the 
interconnection circuit (5-/ "') by the selector array shown in FIG. 9. The 
25 interconnection circuit (5-/"0 by the selector array can be realized by a very 
simple circuit. The interconnection circuit (5-/'") requires a small layout 
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area, and therefore fast and dissipate low power. 
[0107] 

In this embodiment, we showed an example, where the memories for 
logic (4-0) - (4-3) are operated in asynchronous mode. However, the 
5 memories for logic (4-0) - (4-3) can be synchronized by the clock. 
[0108] 

Next, to show the concrete operation of the PLD of this embodiment, 
we will illustrate by using an example. 
[0109] 
10 [EXAMPLE 1] 

We will show the operation of the 8-bit adder of two binary numbers 
A=(a7, a6, as, a^, a^, ^2, ax, ao) and B={bi, b^, bs, 64, 63, ^2, bu bo), in the 
above-mentioned PLD. We assume that the adder has c,„ as the carry input 
bit from the lower bit position. The operation executed by this adder is as 
15 follows- 

C17 % a4 a-s a2 ao 
67 h h ^4 63 h h bo 

+) Cin 



Cout Sj Scy 54 ^3 52 Si So 



(1) 



[0110] 



Here, the carry input bit Ci„ is the carry propagation from the adder 
of the lower rank when adders are connected in series to perform additions 
of more than 8 bits. The carry output bit Cout is the carry propagation to the 
20 high-ranking adder. 
[0111] 

Let the logic function that adds two binary numbers A and B of 8-bits 
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be/ = y(AO, where X = (A, B). Then the logic function / is shown by FIG. 10. 
This function can be decomposed into eight functions {go, gu gi, gz, g4, gs, ge, 
gi} as shown in FIG. 11. Here, each decomposition function can be 
represented by Eq.(2) or Eq.(3). 
5 [0112] 

_ f (0) c 1 

= [ao6o V aoCin V 6oQn, ao © © 



[0113] 

= [oik V OiciL";'^ V bi(^;^\ Oi^bi® c^^a'^] (3) 
(2=1,2,3,4,5,6,7) 



[0114] 

That is, one decomposition function realizes Si- the modulo 2 sum of 
input variables a, and 6„ and the intermediate variable input Co„,(/-l) that 
10 represents the carry input; and the other decomposition function realizes carry 
intermediate variable Cou,(/). 
[0115] 

Let us realize this adder with the PLD consisting of four-stage 
memories for logic (4-0) - (4-3) as shown in FIG. 1. In this case, 
15 decomposition functions {go, gi, g2, gh ^4, g5, g6, g?} are divided into four 
groups of decomposition functions* {go, gi} and {g2, gs}, {g4, gs}, and {ge, g?} 
as shown in FIG. 12. And, each group of decomposition function is realized 
as shown in FIG. 13 by 4 decomposition functions fo^fufi, and f^. Here, each 
decomposition function has 5-input and 3-output, and denoted by the logical 
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expression in Eq.(4) and Eq.(5). 
[0116] 

/o = [ciui5*S'i,5o] 

= [cixbi V (ai V 6i)(ao6o V aoq„ V 6oQn): (4) 
ai © 6i © (ao6o V aoQn V 6oQn): ao © 6o © Qn] 



[0117] 

= [a2i^i62i+i V (a2i4-i V 62i+i)(a2,-62v: V a2iC^,7 V 62,Co,u 

a2i4'i ® i>2t+i © (a2i62, V tt2i4*Ji^^ V b^iC^oJt^^), a2i © 62i © c^^t^^] 
(i- 1,2,3) 



[0118] 

5 The truth table of each decomposition function fi is shown in FIG. 14. 

Then, the truth table in FIG. 15 is stored in the 0-th page of memory for logic 
(4-0). Truth tables (LUTs) in FIG. 16 are stored in the 0-th page of 
memories for logic (4-1) - (4-3). For 52/, Szi+u and Co«/(0 0*e{ 1,2,3}), we 
allocate the output bits of the memories for logic so as to correspond to the 
10 input lines ii, /3, and u of the interconnection circuit (5- (/+!)). 
[0119] 

For the 0-th page of each memory for input selection (3-0) - (3-3), we 
store the information of 0-bit shift, 5-bit shift, 9-bit shift, and 13-bit shift. 
That is, (0, 0, 0, 0), (0, 1, 0, 1), (1, 0, 0, 1), and (1, 1, 0, 1) are stored as the 
15 information for input selection (shJO, shfl, shJ2, shfl) of each memory for input 
selection (3-0) - (3-3). 
[0120] 

The shift information (4-bit) is stored in the 0-th page of each 
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memory for interconnections (6-1) - (6-3) as the information for connection. 
That is, (53, S2, s\y sq) = (0, 1, 0, 0) is stored as the information for connection. 
[0121] 

Assume that the memories are programmed as mentioned above. 
5 Hereafter, we will explain the operation of the PLD. 
[0122] 

First, variables A, B, and c,« are sent to the input-variable register 1. 
The input variable register 1 stores these variables. The operation control 
part 10 sets the 0-th page to the memories for input selection (3-0) - (3-3); the 
10 memories for logic (4-0) - (4-3); and the memories for interconnections (6-1) - 
(6-3); as the page selection number pr. 
[0123] 

As a result, the memories for input selection (3-0) - (3-3) produce the 
information for input selection (shJOy shfl, shfl, shfi)- (0, 0, 0, 0), (0, 1,0, 1), (1, 0, 

15 0, 1), and (1, 1, 0, 1) that are written in the 0-th page; and send them to the 
control lines {shfi - shfi) of the input selectors (2-0) - (2-3). The input 
selectors (2-0) - (2-3) connects a part of the input terminals (/rt(OO) - //i(16)) 
with the output terminals (oi/f(00) - out{Ql)) electrically, according to the 
information for input selection sent to control lines {shJO -shft), 

20 [0124] 

More precisely, the memory for input selection (3-0) has the value 
(shJO, shj\, shfl, shfi) = (0, 0, 0, 0): do not shift and connect (i>2(00) - in(01)) with 
(ow/(00) - OM/(07)). The memory for input selection (3*1) has the value (shJO, 
shfi, shfl, shfi) = (0, 1, 0, 1): shift by five bits and connect (//i(05) - in(l2)) with 
25 (ow/(00) - out(07)). The memory for input selection (3*2) has the value {shJO, 
shfi, shfi, shfi) = (1, 0, 0, 1): shifts by 9 bits and connect (//i(09) - /ai(16)) with 
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(put(00) - ow/(07)). The memory for input selection (3*3) has the value (shJO, 
shfl, shfl, shfi) = (1, 1, 0, 1): shift by 13 bits and connect 0>2(13) - in{\6)) with 
(ow/(00) - ow/(03)). In this case, the input variables are not transmitted to 
(ow/(04) . outiOl)). 
5 [0125] 

The memories for interconnections (6-1) - (6-3) produce the 
information for the connection (53(0), 5o(0)) = (0, 1, 0, 0) written in the 0-th 
page; and send them to the control lines of the interconnection circuits (5-1) - 
(5-3). The interconnection circuits (5-1) - (5-3) connect the input lines (/g - 
10 /15) with the output lines (oo - o?); according to the information for connection 
{si{k\ S(i{k)) that are supplied from the control lines. More precisely, 
memories for interconnections (6-1) - (6-3) specify to shift by four bits to 
connect - with {oq - oi)\ and connect {in - /15) and (/o - .'3) with (og - 015). 
[0126] 

15 Next, the operation control part (lO) moves the input variable X 

stored in the input variable register (l). At this time, the values of the 
input variables shown in Table 1 are sent to the input terminals of the input 
selectors (2-1) -(2-3). 
[0127] 

20 (Table l) 
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[0128] 
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The input selector (2-0) produces the signals- (out(00), <?w/(01), 
ow/(02), out{02), out(04)) = (c/„, a\, ao, bu bo), and sends them to the memory for 
logic (4*0). Here, since the outputs (out(05) - ow/(07)) are not used, they are 
omitted. 
5 [0129] 

The memory for logic (4*0) produces the values (oo, oi, 02, 03, 04, 05, oe, 
07) = (-, 5b, Su CouiiO), -) of/o(c/„, au flo, 61, bo) stored in the address (/o, M, /2, 
'3, is, 16, h) = (Ciny au ao, bu bo, -, -) ■ LUT(LUTo) in the 0"-th page; and sends 
them to the interconnection circuit (5-1). Here, denotes the don't care (It 
10 can be either 0 or l). At this time, (-, ^o, Su CoutiO), -) is sent to the 
input lines (/o, i\, h, h, U, h, k, h) of the interconnection circuit (5-1). 
[0130] 

On the other hand, the input selector (2-1) produces (ow^(OO), om^(01), 
OM/(02), ot//(03)) = (^3, ^2, 63, bi), and send them to the input lines (/g, 1% i\o, i\\) 
15 of the interconnection circuit (5*1). 
[0131] 

From interconnection circuit (5-l), the values of (Table 2) are 
produced. 
[0132] 
20 (Table 2) 
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[0133] 
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The output lines {os - o\s) of the interconnection circuit (5-1) are 
taken out as the external output lines (7-1). Thus, the operation result So 
and Si are sent to the two external output lines of (7-1). 
[0134] 

5 Next, the memory for logic (4-1) produces the values (oo, oi, 02, 03, 04, 

05, 06, 07) = (-, 52, S3, CouP\ -) offi(coum, ^3, ^^2, 63, 62) stored in the address 
(/o, iu 12, h, lA, is, is, ii) = (cc«/**\ ^3, ^2, 63, 62): LUT{LUn) in the 0-th page; 

and send them to the interconnection circuit (5-2). At this time, (-, ^2, ^3, 
Cout^^, -, -) is sent to the input lines (/o, i\, ii, 13, i4, is, is, ii) of the 
10 interconnection circuit (5-2). 
[0135] 

On the other hand, the input selector (2*2) produces the outputs^ 
(c?wr(00), out{Q\\ out(02), out(03)) = {as, a^, bs, h\ and send them to the input 
lines (ig, i9, Mo, '*ii) of the interconnection circuit (5-2). 
15 [0136] 

From the interconnection circuit (5-2), the values in (Table 3) are 
produced. 
[0137] 
(Table 3) 
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20 [0138] 

The output lines (og - 015) of the interconnection circuit (5-2) are 
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taken out as the external output lines (7-2). Thus, the operation result iS'2 

and Si are sent to two external output lines of (7-2). 

[0139] 

Next, the memory for logic (4*2) produces values (oo, oi, 02, 03, 04, 05, oe, 
5 07) = (-, 54, Ss, Cout^^\ -) offiicouPK as, aA, bs, 64) stored in the address (/o, iu hy 
/4, /5, 16, h) = {couP^, -, ^^5, ^4, bs, 64): LUT{LUTq) stored in the 0-th page; and 
send them to the interconnection circuit (5-3). At this time, (-, iS4, Ss, CouF'\ 
-) are send to the input lines (/o, iu h, U, h, h) of the interconnection 
circuit (5-3). 
10 [0140] 

On the other hand, the input selector (2*3) produces the outputs 
(ow/(00), ow^(01), out{02), out(03y) = (^7, ae, 67, ^^6), and sends them to the input 
lines (/g, 19, i\o, of the interconnection circuit (5-3). 
[0141] 

15 From the interconnection circuit (5*3), the values in (Table 4) are 

produced. 
[0142] 
(Table 4) 
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[0143] 

20 The output lines {0% - o\s) of the interconnection circuit (5- 3) are 

taken out as the external output lines (7-3). Thus, the operation result ^4 
and ^5 are sent to two external output lines of (7-3). 
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[0144] 

Finally, the memory for logic (4-3) produces the values (oo, o\, oi, oi, 04, 
OS, 06, 07) = (-, Se, Si, c„„,(3), -, -) of/3(c<,„X2), a?, oe, be) stored in address (io, 
h, k, h, k, is, 16, h) = (co„,(2), cn, a^, bj, 65) '■ LUT{LUTo) stored in the 0-th 
5 page; and sends to the output lines (7-4). As a result, all the operation 
results are sent to the output lines (7-l) - (7-4) and the operation is 
completed. 
(End of Example l) 



10 III. EMBODIMENT 2 

[0145] 

The simplified block diagram of the PLD in accordance with 
EMBODIMENT 2 of the present invention is illustrated in FIG. 17. 
[0146] 

15 The feature of this EMBODIMENT is as follows: a part of the 

■ 

output lines of the input selectors (2-1) - (2-3) are directly connected to the 
inputs of memories for logic (4-1) - (4-3) without using the interconnection 
circuits (5-1) - (5-3). In many practical logic functions, at least one external 
input variable is connected to an input of the memories for logic (4-1) - (4*3). 

20 That is, at least one output line of the input selectors (2-1) • (2-3) is often 
connected to the input of the memories for logic (4"l) • (4*3). Therefore, in a 
PLD used in practice, if a part of the output lines of input selectors (2-1) * 
(2-3) is connected directly to the input of memories for logic (4-1) - (4-3) 
without using the interconnection circuits (5-1) ■ (5-3), then we can decrease 

25 the number of the input lines of the interconnection circuits (5-1) - (5-3). 
As a result, interconnection circuits (5-1) - (5-3) can be reduced. Also, when 
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the interconnection circuits (5-1) - (5*3) are realized by the shifters shown in 
FIG.4, we can reduce the number of stages, and can make the circuit faster, 
and reduce the power dissipation. 

5 IV. EMBODIMENT 3 

[0147] 

The simplified block diagram of the PLD in accordance with 
EMBODIMENT 3 of the present invention is illustrated in FIG. 18. 
[0148] 

10 The first feature of this EMBODIMENT is that the PLD has; the 

input selectors (30- 1) - (30*3) that select the input variables, and send them 
directly into the memories for logic (4-1) - (4-3) without using the 
interconnection circuits (5*1) • (5-3) and the memories for input selection 
(31-1) - (31-3) that stores the information for the connection of the input 

15 selectors (30-1) - (30-3); in addition to the input selectors (2-1) • (2-3) that 
select the input variables and send them to the interconnection circuits (5-1) 
- (5-3). Moreover, the second feature of this EMBODIMENT is that in this 
PLD, a part of the intermediate variables is directly connected from the 
output of the memory for logic (4-(/-l)) (/E{ 1, 2, 3}) in the preceding stage, to 

20 the memory for logic (4-/) of succeeding stage, without using the 
interconnection circuits (5"l) - (5-3). 
[0149] 

By this structure, we can reduce the number of the input lines of the 
interconnection circuits (5*1) " (5-3). As a result, we can reduce the 
25 interconnection circuits (5-1) " (5-3). Moreover, we can reduce the number 
of levels of shifters, when the interconnection circuits (5-1) • (5-3) are 
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realized by the shifters like FIG. 4. Thus, we can make the PLD faster. 

V. EMBODIMENT 4 

[0150] 

5 FIG. 19 is a simplified block diagram of the PLD in accordance with 

EMBODIMENT 4 of the present invention. FIG. 20 is a schematic diagram 
showing the structure of the output register and the output decoder in FIG. 
19. FIG. 21 is a schematic diagram showing the structure of the memory 
elements in FIG. 20. The feature of this EMBODIMENT is that the PLD 

10 has the following components- the output variables register (51) that 
stores values sent to the external output lines (7*1) * (7-4); and the output 
selection decoder (52) that produces loading signals into the output 
variables register (51). For other components, they are similar to the case 
of FIG. 1, so we omit the explanation. In this EMBODIMENT, memories 

15 for logic (4-0) - (4-3) have address latches (not shown in the figure) internally, 
and they operate synchronously by the clock. 
[0151] 

The output variables register (51) has 32 memory elements M(/, j) 
(/G{1, 2, 3, 4},ye{0, 1, 2, 3, 4, 5, 6, 7}). Each memory element M{ij) consists 

20 of a D flip-flop (denoted by DFF)(53) that maintains the data; and two-input 
one-output multiplexer (54) (denoted by MUX). A common clock signal 
Clock is sent to the DFFs (53). When Clock is one, DFF (53) latches the 
value of the data input D. The output of MUX (54) is connected to the data 
input D of DFF (53). Moreover, output Q of DFF (53) is connected to the 

25 input DO: 0 side of MUX (54). Input Dl, 1 side of MUX (54) is connected to 
the line of the j'th external output line (7-/). MAX (54) is controlled by 
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Load signal, and it selects the input in 0-side when Load=0, and selects the 

input in one-side when Load=l. 

[0152] 

To the output selection decoder (52), the operation control part (10) 
5 sends the output selection signal / of two bits. And, the output selection 
decoder (52) produces four output selection signals (Ti) - (74). At /=(0, O), 
(n, 72, 73, T4) = (1, 0, 0, O) is produced. At t=(0, l), (71, 72, 73, T4) = (0, 1, 
0, 0) is produced. At /=(l, 0), (71, 72, 73, T4) = (O, 0, 1, 0) is produced. At 
/=(l, 1), (71, 72, 73, 74) = (0, 0, 0, l) is produced. Each output selection 
10 signal TiU^il, 2, 3, 4}) is sent to each memory element M{ij) as the loading 
signal. 
[0153] 

The Operation control part (lO) sends output selection signal t to 
latch the result into the output variables register (51) as follows- in the 

15 beginning, set /=(00); after the memory for logic (4*0) produce the operation 
result, set ^=(0l); after the memory for logic (4*1) produce the operation 
result, set ^=(10); and after the memory for logic (4-2) produce the operation 
result, set r=(ll). When the operation finish, the operation results can be 
obtained by reading the output variables stored in the output variables 

20 register (51). 



VL EMBODIMENT 5 

[0154] 

FIG. 22 is a simplified block diagram of the PLD in accordance with 
25 EMBODIMENT 5 of the present invention. 
[0155] 



« 
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The feature of this EMBODIMENT is that the PLD has; the first 
output selection circuit (25); the second output selection circuit (26); the 
memory for input selection (3-4); and the input selector (2-4). For other 
components, they are similar to FIG. 1, so the explanations are omitted. 
5 [0156] 

The second output selection circuit (26) selects the entire or a part of 
the output the memory for logic (4*3) of the final stage; according to the 
values of the input variables that comes from the input selector (2-4). The 
input selector (2-4) is realized by the shifter similar to one shown in FIG. 2. 

10 Note that, in this EMBODIMENT, because the number of the outputs of the 
memory for logic (4-3) of the final stage is eight, the shifter for the input 
variable selection circuit (2-4) requires the outputs with three bits. Let N 
be the number of the output bits of the memory for logic (4-3) of the final 
stage, then the number of outputs for the input selector (2-4) is given, in 

15 general, by: 
[0157] 

nog2 N] (6) 

Hereafter, let the outputs of the input selector (2-4) (out(OO) * out(02)) (See 

FIG. 2) be Fo, Fu and F2. 

[0158] 

20 The first output selection circuit (25) consists of the multiplexer ^ it 

select either the output variables produced by the memories for logic (4-0) - 
(4-2) or the output variables produced by the second output selection circuit 
(26); and produce it as the output; according to the output selection signal / 
generated by the operation control part (lO). 
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[0159] 

Here, the output selection signal t (/e{(00),(Ol),(lO),(ll)}) is a two-bit 
signal represented by the bundle of the output lines- it shows the first 
output selection circuit (25). The first output selection circuit (25) selects 
5 the bundle of output lines of as follows : When /=(00), it selects the bundle 
of output lines of the interconnection circuit (5-1) (og ' 015 in FIG. 4); when 
f=(Ol), it selects the bundle of output lines of the interconnection circuit 
(5-2); when ^(lO), it selects the bundle of output lines of the interconnection 
circuit (5-3); and when /=(ll), it selects the bundle of output lines of the 2nd 
10 output selection circuit (26). 
[0160] 

FIG. 23 is a schematic diagram showing the structure of the second 
output selection circuit (26) in FIG. 22. This diagram is simplified to 
explain the principle of operation and the details are omitted. 
15 [0161] 

The second output selection circuit (26) is realized as shown in FIG. 
23: two-input one-output multiplexers (31) - (37) (denoted by "MUX") are 
connected like a tree, and from the each stage, outputs can be taken out by 
way of (MUX38) - (MUX44). In FIG. 23, an example where A^c, the number 
20 of the output lines, is equal to 8 is shown for the convenience of the 
explanation. However, Nc can be other values. 
[0162] 

In FIG. 23, the input lines (yo - yi) of the second output selection 

■ 

circuit (26) are connected to the outputs of the memory for logic (4-3). 
25 Values of the output variables Y are supplied from these input lines {y^^ - yi). 
Moreover, from the output lines (/^^^ -/'^O of the output selection circuit (26), 
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values (yo, y\Y\-i) of the selected output variables 7 of the input lines iyo ' 

yi) are produced. 

[0163] 

Input lines yo, yr are connected to the inputs of MUX31; Input lines 
5 ^2, 3^3 are connected to the inputs of MUX32; Input lines y^, yb are connected 
to the inputs of MUX33; and Input lines j^e, yi are connected to the inputs of 
MUX34. The outputs of MUX31 and MUX32 are connected to the inputs of 
MUX35; the outputs of MUX33 and MUX34 are connected to the inputs of 
MUX36; and the outputs of MUX35 and MUX36 are connected to the inputs 
10 ofMUX37. 
[0164] 

On the other hand, (the input line yo and the output line of MUX31) 
are connected to the inputs of MUX38; (the input line y2 and the output line 
of MUX32) are connected to the inputs of MUX39; (the input line y^ and the 

15 output line of MUX33) are connected to the inputs of MUX40; (the input line 
y^ and the output line of MUX34) are connected to the inputs of MUX41; 
(the input line yi and the output line of MUX35) are connected to the inputs 
of MUX42; (the input line yz and the output line of MUX37) are connected to 
the inputs of MUX43; and (the input line y^ and the output line of MUX36) 

20 are connected to the inputs of MUX44. 
[0165] 

For (MUX31) - (MUX34), the input variable Fo is the common control 
signal: When Fo=0, MUX31, MUX32, MUX33, and MUX34 select the input 
lines yo, y2, y^, and ye, respectively. When Fo=l, MUX31, MUX32, MX;X33, 
25 and MUX34 select the input lines yu ysy y^, and y?, respectively. 
[0166] 
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For MUX35 and MUX36, the input variable Fi is the common 
control signal: When Fi=0, MUX35 and MUX36 select MUX31 and MUX33, 
respectively. When Fi=l, MUX35 and MUX36 select MUX32 and MUX34, 
respectively. 
5 [0167] 

For MUX37, the input variable F2 is the control signal When F2=0, 
MUX37 selects MUX35. When F2=h MUX37 selects MUX36. 
[0168] 

(MUX31) - (MUX34) select four lines out of the eight input lines iyo ' 
10 yi). (MUX31) - (MUX36) select two lines out of eight input lines iyo - yi). 
(MUX31) - (MUX37) select one line out of eight input lines (yo " 3^7). In other 
words, when m, the number of output variables of the objective logic 
function jiX) = (/iU),/2U), ...,/mU)), is four or less than four, we can do the 
logic operation with the input variables (Fo,Fi,F2) and the intermediate 
15 variable 7 produced by the memory for logic (4-3). With this, we can reduce 
the number of input variables in the memories for logic (4-0) - (4*3). 
[0169] 

Let the objective logic function y(xo, xi, jCn-2, Xn-i) be expanded as 

follows^ 
20 [0170] 

.^n-l/'C'^^o,a;l, • • • ,^^-^2) V ^n-i/(^o>^"ij • • • ,^71-2) (7) 

Let the subfunction /(xo, Jci, jCn-2) be decomposed into four 
subfunctions /oC^o), /i(Ari, n), /2CY2, ^2), and/aC^a, ^3), where, XqVJXi^Xz^ 
Xz-{xQ, jci, • ■ JCn-2}. And, let the number of outputs of the subfunction fziXz, 
Yz) of the final stage be four or less than four. Then, we can reduce the 
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numbers of input variables of the memories for logic (4-0) • (4-3) by one. In 
this case, the input variable Xn-\ will be connected to the input variable Fo of 
the second output variable selection circuit (26). 
[0171] 

Similarly, when the objective logic function y(xo, i) is 

expanded as follows- 



(8) 



[0172] 

We can reduce the numbers of the input to the memory for logic (4-0) 
- (4-3) by two. 
10 [0173] 

If we expand the function as follows, then we can reduce the number 
of the inputs to the memory for logic (4-0) - (4-3) by three. 

^Xn^iXn-^2Xn^:\f"{Xo, Xi, • • ' , Xn^^l) V X„,~l^n.-2^n.-3/'"(%: Xu X,,^4) 
ViC„_|X„_2^'f»-3/'"{^*0j ^1 ; * • , ^1-4) V Xu^lXr,^2X„-:^f'^{Xi), X|, • • • J X„-4) 
yXn-\Xn-2Xn^.if'\Xo, Xl, • • • , Xn-4) V Xn^iXn-2Xn-:i/"'(Xo, X.i, - • , Xn-^) 



[0174] 

The outputs signals of eight bits, four bits, two bits or 1-bits selected 
15 by (MUX31) - (MUX37) must be sent to the first output selection circuit (25) 
through the common eight output lines. Thus, in FIG. 23, the output 
signals selected by (MUX38) • (MUX 44) are taken out by way of the 
common output lines (/^^ - /^O. As for (MUX38) ■ (MUX44), a common 
output selection variable (Select) controls the operation. The value of the 
20 output selection variable (Select) is stored in the output selection memory 
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(45) according to m, the number of the output variables jOd = (/i(A),/2(A^, 
fmOd). The operation control part (lO) produces the (Select) signal. 
[0175] 

MUX38 selects the input line yo when Select=0, and the output of 
5 MUX31 when Select=i; and send the selected signal to the output line/^K 
MUX39 selects the input line y2 when Select=0, and the output of MUX32 
when Select=i; and send the selected signal to the output line/2). MUX40 
selects the input line y4 when Select=0, and the output of MUX33 when 
Select=i; and send the selected signal to the output line /^K MUX41 selects 
10 the input line ye when Select=0, and the output of MUX34 when Select=i; 
and send the selected signal to the output line 
[0176] 

MUX42 selects the input line yi when Select=0, and the output of 
MUX35 when Select=i; and send the selected signal to the output \ine/^K 

15 MUX43 selects the input line 3^3 when Select=0, and the output of MUX37 
when Select=i; and send the selected signal to the output line/^\ MUX44 
selects the input line y^ when Select=0, and the output of MUX36 when 
Select=i; and send the selected signal to the output line Moreover, the 
output line /"^^ is directly connected to the input line yi. 

20 [0177] 

When the number of the outputs, that is the number of the bits of 
the operation results jOd of the objective logic function / is eight, set 
Select=0. As a result, the values of output variables Y={yo, yi) in the 
input lines (yo * yi) are sent to the output lines (/^^ -f^^). When the number 
25 of the output is four, set the Select=l, and set the input variable Fq to either 
0 or 1. As a result, four outputs of the input lines {yo * yi) are sent to the 
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output lines (/^\ /'^\ /^^) as follows- when /b=0, four outputs (yo, ^2, y^^ 
ye) are sent; and when Fo=l, four outputs (yi, ysy y^, yi) are sent. When the 
number of the outputs is two, set Select=l and set Fo and Fx to either 0 or 1, 
As a result, when (Fo, Fi) = (0, 0), in the output lines /^^ and the values of 
5 two output variables Y=(yo, yd are sent to the output from the input lines (yo 
• yi). When (Fo, Fi)=(0, l), (yi, y^) are sent to the output. When (Fo, Fi)=(l, 
0), (y2, ye) are sent to the output. When (Fo, Fi)=(l, l), (ys, j'?) are sent to the 
output. When the number of the output is one, set Select=l, and set Fo, Fi, 
and F2 either 0 or 1. In this case, one signal in the input lines (yo - yi) 
10 specified by Fo, Fi, and F2 is sent to the output line/^\ 
[0178] 

In this way, by using the second output selection circuit (26), we can 
do the selection operation, when the number of the output variables jOO is 
equal to a half or less than a half of the number of the output lines of the 
15 memory for logic (4-3) in the final stage. As a result, we can substantially 
increase the total number of inputs of the memories for logic (4-0) - (4-3), 
which implements the decomposition functions. Therefore, we can increase 
the number of the input variables in PLD. 
[0179] 

20 In FIG. 23, we used two-input one-output MUXs. However, in 

general, we can use winput one-output (w^2) MUXs in the output selection 
circuit (26). 
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VII. EMBODIMENT 6 

[0180] 

FIG. 24 is a simplified block diagram of the PLD in accordance with 
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EMBODIMENT 6 of the present invention. 
[0181] 

The feature of this EMBODIMENT is that the second output 
selection circuit (26) is connected to the output of the first output selection 
5 circuit (25). In the following, we will explain the first output selection 
circuit (25), and the second output selection circuit (26). The explanations 
for other parts are omitted, since this EMBODIMENT is similar to 
EMBODIMENT 5. 
[0182] 

10 The first output selection circuit (25) selects a group of variables are 

sent from the interconnection circuits (5-1) - (5*3) and the memory for logic 
(4-3). The group of variables selected by the first selection circuit (25), are 
further selected by the second selection circuit (26) to produce the outputs, 
according to the values of input variable (Fi, F2, F3) and the selection 

15 variable Select. 
[0183] 

Here, an arbitrary Ai-variable logic function jixo, i) can be 

represented as follows- 
[0184] 

f{XO: .^1: • • • , ^'Cn-a? ^ii-l) 

= Xn^2Xn-ifQi^ih ^,^-3) V Xn^2^n^lfl{^0, ^Xr " , ^n^li) (10) 



20 [0185] 

Therefore, an ai -variable logic function can be implemented by 
above-mentioned subfunctions (fo - /a) stored in the memories for logic (4-0) - 
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(4-3); by doing product operations with subfunctions (^ ' fz) and Xn-2 and jcn-i, 
in the second output selection circuit (26). 

VIII. EMBODIMENT 7 

5 [0186] 

FIG. 25 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 7 of the present invention. 
[0187] 

The PLD for EMBODIMENT 7 in this invention consists of the 
10 following components- the input variable register (l); input selectors (2-0) - 
(2-3); memories for input selection (3*0) - (3-3); memories for logic (4-0) ■ 
(4-3); interconnection circuits (5"0) • (5-3); memories for interconnections 
(6-0) - (6-3); memories for block designation (8-0) - (8-3); and the operation 
control part 10. In this EMBODIMENT, each circuit must operate 
15 synchronously by the common clock. 
[0188] 

The input variable register (l) stores the input variable X-ixi, 
used for the operation of objective logic function jiX), where /i is a natural 
number. The input variable X is supplied from the external input lines to 

20 the input variable register (l). Memories for logic (4-0) - (4-3) store the 
truth tables of decomposition functions {fia G {O, 1, 2, 3}} obtained by 
decomposing the objective logic function / to store as LUTs. In this 
EMBODIMENT, the number of levels of memories for logic (4-/,iG{0, 1, 2, 3}) 
is four. However, in general, the number of levels can be different. These 

25 memories for logic (4*0) - (4*3) are connected to form a ring through the 
interconnection circuits (5*0) - (5-3). 
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[0189] 

The memories for logic (4-0) - (4-3) in this EMBODIMENT are 
similar to ones used in FIG. 3. The address decoder (16) specifies the 
memory area FA/k according to the page selection number p{p^ produced by 

* 

5 the memory for block designation 8-/). 
[0190] 

Input selectors (2-0) * (2-3) select the input variable Xi{i^{Q, 1, 2, 3}) 
of the decomposition functions {/ii/^IO, 1, 2, 3}} stored in the memories for 
logic (4-0) ■ (4-3), from the input variable X-ixu that come from the 

10 input variable register (l); and send the selected signals to the 
interconnection circuits (5*0) • (5-3). The memories for input selection (3-0) 
- (3-3) store the information for the input selectors (2-0) - (2-3). From here, 
such information is denoted by "Information for input selection." Input 
selectors (2*0) - (2-3) select the input variable according to the input 

15 selection signals given by memories for input selection (3-0) - (3-3). 
[0191] 

* 

In this EMBODIMENT, the input selectors (2-0) - (2-3) use the 
shifter shown in FIG. 2. In the input selectors (2-/, /G{0, 1, 2, 3}) in FIG. 2, 
the input terminals (/ai(OO) - /w(l6)) are connected with the output terminals 
20 of the input variable register (l). Therefore, input variables X=ixu •••» -^n) 
are supplied from the input terminals (//2(00) - //i(l6)). The output 
terminals (owKOO) - outiOl)) of the input selector (2-/, /e{0, 1, 2, 3}) are 
connected to a part of the input terminals of the interconnection circuit (5-/). 
[0192] 

25 Each interconnection circuit (5-/, /£{0, 1, 2, 3}) connects and reorder 

the intermediate variable Yi that comes from the memory for logic (4-(/-l 



« 
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mod 4)); and the input variable Xi that comes from the input selector (2-/); 
and send them to the memory for logic (4*/) of succeeding stage and to the 
external output lines (7*/). Each memory for interconnections (6-/, i£{0, 1, 
2, 3}) stores the information concerning the connection of each 
5 interconnection circuit (5-/). Hereafter, such information is denoted by 
"Information for connection." Interconnection circuits (5*/) change the 

■ 

connection according to the information for connection signal produced by 

the memory for interconnections (6-/). 

[0193] 

10 In this EMBODIMENT, interconnection circuits (5*0) - (5*3) use the 

cyclic shifter shown FIG. 4, for the convenience of the explanation. In the 
interconnection circuit (67, 2, 3}) shown in FIG. 4, among the input 

lines (/o " /15), Go ' h) are connected to the outputs of memories for logic 
(4-(/'-l)) in the preceding stage, and Os ■ /is) are connected to the outputs of 

15 the input selector (27). Moreover, among the input lines Go " us) of the 
interconnection circuit (5-0), Go - h) are connected to the outputs of the 
memory for logic (4-3) in the preceding stage, and (is ' /is) are connected to 
the outputs of the input selector (2-0). In the interconnection circuit (67, j 
e{0, 1, 2, 3}), among the output lines (oo * 015), (00 - oi) are connected to the 

20 inputs of memory for logic (4-y) of succeeding stage, and ios " 015) are 
connected to the external output line (T-y). 
[0194] 

In this EMBODIMENT, the memories for interconnections (6-/, /S{0, 
1, 2, 3}), are similar to ones used in FIG. 5. 
25 [0195] 

Each memory for block designation (8-/, /E{0, 1, 2, 3}) stores the 
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page number, denoted by "variable for designating block"- It shows the 
area of LUTs in the memory for logic (4-/), corresponding to the subfunctions 
to compute the objective logic function. Memory for logic (4-/) sets the page 
number according to the variable for designating block stored in the memory 
5 for block designation (8-/). 
[0196] 

The operation control part (lO) controls the whole operation process 
of the PLD. 
[0197] 

10 FIG. 26 is a block diagram of the operation control part (lO) shown 

in FIG. 25. 
[0198] 

The operation control part (lO) consists of the following parts: the 
operation step register (61); the step counter (62); the page counter (63); and 
15 the output controller (64). 
[0199] 

The operation step register (61) stores the number of operation steps, 

« 

which is equal to the number of decomposed functions. The step counter 
(62) shows the decomposition function where the current operation is done. 

20 At the beginning, the value stored in the operation step register (61) is 
loaded to the step counter (62). For each step of the operation, the count is 
decremented by one, by the down counter. When /, the value of the counter 
becomes 0, the step counter (62) produces the termination signal END. 
Moreover, the value in the operation step register (61) is loaded to the step 

25 counter (62) when the reset signal reset is applied. 
[0200] 



« 
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The page counter (63) stores the page number of each memory^ It 
specifies the page numbers of the memories for input selection (3); the 
memories for interconnections (6); and the memories for block designation 
(8). It produces the value k as the count signal pk^ The page counter (63) is 
5 the up counter, and increments the count k when it detects the falling edge 
of the chip enable signal CE3, or it receives the signal from the output 
controller (64). The page counter (63) is reset to the value k to 0, when it 
receives the reset signal reset or the termination signal END, from the step 
counter (62). 
10 [0201] 

The output controller (64) controls the memories for logic (4-0) - (4-3) 
by sending the chip enable signals (CEo - CE3) and address strobe signals 

(ADSPo - ADSP3). 
[0202] 

15 The chip enable signal CEi activates the /-th memory for logic (4-/). 

The memory for logic (4*/) can receive the input signal from the outside and 
produce the output when the chip enable signal CEi is 1 (high). The 
address strobe signal ADSPi controls the latches, which store the input 
address for the memory for logic (4-i). In the clock edge, when the address 

20 strobe signal ADSPi is 1, the memory for logic (4-/) sets the data in the input 
lines (/(OO) • /(07)) to the internal address register. Moreover, latch stores 
the address in the internal address register when the address strobe signal 
ADSPi changes from 1 to 0. When the chip enable signal CEi is 0 (low), 
even if the value of ADSPi is 1, the data in the input lines 0(00) - i(07)) are 

25 not latched. 
[0203] 
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FIG. 27 is a schematic diagram showing the detail of the output 
controller (64) in FIG. 26. 
[0204] 

The output controller (64) consists of the following components^ the 
5 Johnson counter (69) that consists of four flip-flops (65) • (68), denoted by 
"FF"; four AND gates (70) - (73); and one OR gate (74). 
[0205] 

To the clock terminals C of FFs (65) - (68), a common clock signal 
clock is supplied. Moreover, the outputs of FFs (65, 66, 67, 68)- go, Qi, Q2, 
10 and N0T(e3), are connected to the data inputs (Di, D2, D3, Do) of FFs (65, 66, 
67, 68). Moreover, the OR gate (74) produces reset signal reset\ the logical 
OR of the reset signal reset and the termination signal END. The reset 
signal reset' is connected to the reset terminal rst of FFs (65) - (68). 
[0206] 

15 By constructing the circuit in this way, the outputs (go, Qi, Q2, Qs) of 

Johnson counter (69) perform the cyclic transition as follows- 
(0,0,0,0) 
^(1,0,0,0) 

■ 

1,0,0) 

20 -»(1,1,1.0) 

^(1,1,1,1) 

-*(0, 1.1,1) 

->(o,o,i,i) 

^(0.0,0,1) 
25 ->(0,0,0,0) 

for each rising clock signal clock. That is, for each clock, the content of the 
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■ 

register is shifted to the right by 1-bit, and the leftmost bit (ga) is reversed 

to make the rightmost bit (Qo). 

[0207] 

The outputs (go, Q2) of FFs (65, 67) are used as the chip enable 
5 signals (CEo, CEi). Moreover, the outputs (NOT(eo), N0T(e2)) of FFs (65, 

67) are used as the chip enable signals (CE2, CE3). Here, NOT(gi) denotes 
the complement of the output Qi, 

[0208] 

The AND gate (70) makes the logical product go and NOT(gi), 
10 produced by FFs (65, 66), and generates the strobe signal ADSPo. The AND 
gate (71) makes the logical product Q2 and N0T(g3), produced by FFs (67, 

68) , and generates the strobe signal ADSPi. The AND gate (72) makes the 
logical product NOT(go) and gi, produced by FFs (65, 66), and generates the 
strobe signal ADSP2. The AND gate (73) makes the logical product 

15 N0T(g2) and ga, produced by FFs (67, 68), and generates the strobe signal 
ADSP3. 
[0209] 

The memories for logic (4-0) - (4-3) are in the low power mode when 
the chip enable signals (CEo • CE3) are 0. As a result, the power dissipation 
20 of memories for logic (4) not used for the operation are reduced, and the 
whole PLD can be made to low power. 
[0210] 

In the above-mentioned EMBODIMENT, the PLD operates as 

follows- 
25 [0211] 

FIG. 28 is a flowchart showing the operation of the PLD in 
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accordance with EMBODIMENT 7. FIG. 29 is a timing chart for describing 
the change of each signal for the PLD in accordance with EMBODIMENT 7. 
[0212] 

At the beginning, the truth tables of subfunctions {/b, "',fs'i} (l^s) 
5 that are obtained by decomposing the objective logic function jiX), are 
written on memories for logic (4-0) - (4*3) as LUTs. In this case, LUTs that 
show fi 0-0, 1, s-l) are written in the mK//4)-th page of the memory for 
logic (4-(/ mod 4)). We need not write the same LUT data in different pages 
of the same memory for logic (4), but need to write only one LUT data in one 

10 of the pages. We can reduce the necessary amount of memory by the 
"multiple use of LUTs." In the memories for input selection (3-0) ' (3-3), 
and the memories for interconnections (6-1) - (6-3), information for input 
selection and information for connection, corresponding to above-mentioned 
decomposition functions {/b, ...,/s-i} are written from the 0-th page. The j-th 

15 page of the memory for block designation (8-/, /G{0, 1, 2, 3}), stores the 
page number p of the memory for logic (4-/)^ The memory for logic stores 
the LUT corresponding to the decomposition function fiu+i (where 0<= 
/*^+y<=j-l). The method to write the data into memories is an ordinary 
method: The writing mechanism is omitted in FIG. 25, for simplicity. In 

20 addition, the operation step register (61) in the operation control part (lO), 
stores s, the number of levels of the decomposition functions. In the 
following explanation, we assume that s>4, 
[0213] 

Assume that the above information is written in the memories. 
25 First of all, during the time period 7b, in the operation control part (10), by 
the reset signal supplied from the outside, the count value / of the step 
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counter (62) is initialized; and the count value p of the page counter (63) are 
reset (Si). At this time, the count value i of step counter (62) is initialized 
to the value s stored in the operation step register (6l); and the count value 
p in the page counter (63) is initialized to 0. Moreover, FFs (65) - (68) of the 
5 output controller (64) in the operation control part (lO) is reset by reset 
signal resetiSi), 
[0214] 

At this time, the Johnson counter (69) consisting of FFs (65) - (68) 
produces the output values: (go, gi, Q2, Q3) = (0, 0, 0, O), and (NOT(go), 

10 NOT(ei), N0T(e2), N0T(e3)) = (l, 1, 1, l). Therefore, the output controller 
(64) produces the chip enable signal (CEo, CEi, CE2, CE3) = (0, 0, 1, l) to 
memories for logic ((4*0), (4*1), (4-2), (4-3)). Moreover, the page counter (63) 
sends 0 to the memories for input selection (3*0) - (3-3); to memories for 
interconnections (6-0) - (6-3); and to the memories for block designation (8-0) 

15 ■ (8-3), as the count signal pk (S3). 
[0215] 

The memories for input selection (3*/, /G{0, 1, 2, 3}) send the 
information for input selection stored in the 0-th page, to the control lines 
(shfO - shf3) of the input selectors (2-i). The input selector (2-i) electrically 
20 connects a part of the input terminals (m(00) - /ai(16)) with the output 
terminals (outiOO) - outiOl)), according to the information for input selection 
in the input to control lines (shfO - shf3). 
[0216] 

The memories for interconnections (6-/, i £ {0, 1, 2, 3}) produce 
25 information for connection Csnc-i^^^ ^o^^O stored in the 0-th page, and send 
it to the interconnection circuit (5-/). As a result, the interconnection 
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circuit (5-/) connects input lines (/8 ■ /15) with the output lines (oO ' o7), 
according to the information for connection (y3(0), 50(0)) supplied by the 
control lines. 
[0217] 

5 In addition, memories for block designation (8-/, /G{0, 1, 2, 3}) 

produce the variable for designating block p{0) stored in the 0-th page, and 

« 

send to the address decoder (16) in the memory for logic (4-i). As a result, 
in the memory for logic (4-/), the /?(0)-th page is ready to be selected. 
[0218] 

10 The input variable register (l) begins to produce the values of the 

input variables to the input selectors (2*0) - (2-3) (S4). As a result, input 
variables Xo, Xi, X%, and Xz are sent to the interconnection circuits (5*0) ■ 
(5-3). Input variables ^o, X\, X2, and Xz sent to the interconnection circuit 
(5-i, iG{0, 1, 2, 3}) are transferred to the inputs of the memory for logic (4-i), 

15 according to the predetermined connection order. 
[0219] 

In the period Ti, the outputs (go, Qu Q2, Qs) of the Johnson counter 

(69) are changed into (l, 0, 0, O) with the rising edge of the following clock 
signal clock. As a result, CEo becomes 1, and the memory for logic (4-0) 

20 becomes an accessible state, and CE2 becomes 0. Therefore, the data Do 

■ 

begins to be sent from the memory for logic (4*0) (S5). 
[0220] 

Almost at the same time with this, ADSPo, the output of AND gate 

(70) becomes 1. When ADSPo becomes 1, in the memory for logic (4-0), the 
25 internal address register is set, based on the input variable Xo supplied from 

the interconnection circuit (5-0) (S6). Then, the memory for logic (4-0) 
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begins to send the values of LUT (intermediate variable y4p+(s-i)), 
corresponding to the address specified in the 0-th page, to the 
interconnection circuit (5*1). The intermediate variables y4p+(s i), that are 
sent to the interconnection circuit (5'l), are sent to the memory for logic 
5 (4-1), according to the specified connection relations. In some cases, a part 
of the intermediate variable 74p+(s-i) is sent to the external output lines (7*1). 
At the end of the period Ti, the value of ADSPo falls from 1 to 0, and the 
data are latched in the address register in the memory for logic (4-0). 
[0221] 

10 During the period 72, when the following clock signal clock rise after 

ADSPo become 1, the outputs (go, fii, Q2, Qz) of the Johnson counter (69) will 
be (1, 1, 0, 0). As a result, ADSPo becomes 0 (S7). Thus, the value of 
output data Do of the memory for logic (4-0), is settled to the value of the 
intermediate variable r4p+(s-i). On the other hand, because go=l at this time, 

15 CEo is set to 1. 
[0222] 

During the period T3, with the rise of the next clock signal clock, the 
step counter (62) decrement the value / of the counter (S8). Also, in this 
moment, the value of the Johnson counter (69) becomes (go, Qi, Q2, 23)=(l, 1, 
20 1, 0). 
[0223] 

When the value / of the step counter (62) is non-zero (S9), with the 
transition of Q2 into 1, the value of CEi becomes 1, and the value of CE3 
becomes 0. With this, the output data Di will be sent out from the output 
25 lines of the memory for logic (4*1) (SlO). 
[0224] 
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Also, at the same time, ADSPi, which is the output of AND gate (71), 
becomes 1 (Sll). As a result, in the memory for logic (4-1), the address is 
set, based on the intermediate variables generated by the memory for logic 
(4-0) of the preceding stages through the interconnection circuit (5-1), and 
5 the new input variables. With the setting of this address value, the output 
data Dl of the memory for logic (4-1) changes, and the values of the LUT 
(the intermediate variables y4p+(s-o), that correspond to the address stored in 
the pk'th page are sent to the interconnection circuit (5*2). 
[0225] 

10 During the period T4, with the rise of the following clock signal clock, 

the values of Johnson counter (69) becomes (go, gi, Q2, 03)= (l, 1, 1, l). As 
the result, ADSPl, that is the output of AND gate (71) becomes 0, and the 
output data Di of the memory for logic (4-1) is used to settle the 
intermediate variable y4p+(s i) (Si 2). The intermediate variables )4p+(s-i), that 

15 are sent to the interconnection circuit (5-2) are transferred to the memory 
for logic (4-2), according to the connection relationship. Moreover, in some 
cases, a part of the intermediate variables y4p+(s-0 is transmitted to the 
external output lines (7-2). 
[0226] 

20 Next, in the period Ts, with the rise of the following clock signal 

"clock" the step counter (62) decrement the count value i (S13). In this case, 
the value of the Johnson counter (69) becomes (go, Qu g2, Qz)= (0, 1, 1, l). 
[0227] 

In this case, when the value i of the step counter (62) is non-zero 
25 (S14), if the value of the output go changes to 0, then CE2 becomes 1 and 
CEo becomes 0. With this, the memory for logic (4-0) stops to produce the 
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outputs, but the memory for logic (4-2) produces the output data D2 from the 

output lines (Si 5). 

[0228] 

Almost at the same time with this, ADSP2, that is the output of AND 
5 gate (72) becomes 1 (S16). As a result, in the memory for logic (4-2), 
address is set based on the intermediate variable that comes from the 
memory for logic (4-1) in the preceding stages through the interconnection 
circuit (5-2), and new input variables. With the setting of the address, the 
output data D2 of the memory for logic (4-2) changes, and the values of the 
10 LUT (the intermediate variable y4p+(s i)) corresponding to the address stored 
in the phth, page are sent to the interconnection circuit (5*3). 
[0229] 

During the period Te, with the rise of the following clock signal 
"clock," the values of Johnson counter (69) become (go, fii, Q2, (O, 0, 1, 

15 1). As a result, ADSP2, that is the output of AND gate (72) becomes 0, and 
the output data D2 of the memory for logic (4-2) • is settled to the 
intermediate variable y4p+(s-i) (Si 7). The intermediate variables YAp+is-O, that 
are sent to the interconnection circuit (5-3), are transferred to the memory 
for logic (4-3), according to the specified connection relationship. In some 

20 cases, a part of the intermediate variables y4p+(s-i) is transmitted to the 
external output line (7-3). 
[0230] 

In the next, during the period T?, the step counter (62) decrement 
the count value i with the rise of the following clock signal clock in (Si 8). In 
25 this time, the value of the Johnson counter (69) becomes (go, Qu 62, Qz)- (0, 
0, 0, 1). 
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[0231] 

When the value / of the step counters (62) is non-zero (Si 9), if the 
value of the output Q2 changes to 0, then CE3 becomes 1, and CEi becomes 0. 
With this, the memory for logic (4"l) stops to produce the output, and the 
5 memory for logic (4-3) produces the output data Da from the output lines 
(S20). 
[0232] 

Almost at the same time with this, ADSP3, that is the output of AND 
gate (73) becomes 1 (S2l). As a result, in the memory for logic (4-3), 

10 address is set based on the intermediate variable produced by the memory 
for logic (4-2) in the preceding stage, through the interconnection circuit 
(5-3), and the new input variables. Along with the setting of the address, 
the output data D3 of the memory for logic (4-3) changes, and the values of 
LUT (intermediate variable y4p+(s-i)) corresponding to the address that are 

15 stored in the phth page begin to be sent to the interconnection circuit (5-0). 
[0233] 

During the period To, with the rise of the following clock signal clock" 
the value of the Johnson counter (69) becomes (go, Qu Q2, Qz> = (0, 0, 0, O). 
As a result, ADSP3, that is the output of AND gate (73) becomes 0, and the 
20 output data Dz of the memory for logic (4-3) is settled to the intermediate 
variable Jap+Cs-i) (S22). The intermediate variables y4p+(si) sent to the 
interconnection circuit (5-0) are transferred to the memory for logic (4-0), 

■ 

according to the specified connection relationship. In some cases, a part of 
the intermediate variable y4p+(s-i) is sent to the external output lines (7-0). 
25 [0234] 

In this time, the page counter (63) increments the count value p 



70 



(S23). With this, the count signal pp is incremented by one, and the pages 
for the memories for input selection (3-0) - (3*3)5 the memories for 
interconnections (6-0) - (6-3); and the memories for block designation 8-0) - 
(8*3) are changed. With this, the connections in the input selectors (2-0) - 
5 (2*3) and in the interconnection circuits (5-0) • (5-3), also change. Even if 
the page that specifies the memories for block designation (8*0) - (8-3) 
changes, the actual page change occurs only when the each memory for logic 
can accepts the change of the address- In this state, both the chip enable 
signal CEi and the address strobe signal ADSPi must be 1. 
10 [0235] 

During the period Ti, with the rise of the following clock signal clock" 
the step counter (62) decrement the count value / (S24). Moreover, in this 
moment, the output value for Qo of the Johnson counter (69) becomes one. 
[0236] 

15 Here, if the value / of the step counters (62) is non-zero (S25), the 

operation goes to step S5. 
[0237] 

In the above steps S9, Sl4, Sl9, and S25, if the value of the step 
counter (62) is zero, then the step counter (62) produces the termination 
20 signal END. As a result, the operation control part (lO) stops the operation, 
and the operation terminates. 
[0238] 

As described above, the operation is done from the front stage to the 
rear stage in series. And, when the operation process in the memory for 
25 logic (4-3) in the final steps terminates, the intermediate variables produced 
from the memory for logic (4*3) are fed back to the memory for logic in the 
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front stage- the operation process repeats until the operations to all the 
decomposition functions are finished. Finally, the results of objective logic 
function/are taken out from the external output lines (7*1) - (7*4). 
[0239] 

5 To explain the concrete operation of the PLD, by using the concrete 

illustration, we will explain the above-mentioned operation^ 
[0240] 

[Example 2] 

In this part, we explain an example of implementation of the adder 
10 for two binary numbers of 2n-bits (n^5): A=(a2n-i, a2n-2, ai, ao) and 
B=(b2n 1, b2n 2, " , bi, bo). To implement the adder, we use the 
above-mentioned PLD. We assume that the adder accepts cin, the carry 
propagation input bit from the lower bit position. 
[0241] 

62/1-1 b2n-2 * * ' '^^l ^^0 



Coat 52^1 S2n-2 Si Sq 

15 [0242] 

Here, the carry input bit cin is the bit showing the carry propagation 
from the adder of the lower bit position when we add larger numbers that 
require more than 2n bits. In such a case, we connected the adders in 
series to do the addition. The carry output bit Cout is the bit showing the 

* 

20 carry propagation output to the higher bit adder. 
[0243] 

In this example, similar to FIG. 2, we assume that the input 



(11) 
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selectors (2-0) - (2-3) consist of (2n-l-l)-input eight-output shifters- The 
shifters are serially connected in log2(2n-t-l) stages (when log2(2n+l) is not 
an integer, it is rounded up). 



[0244] 



Let f=j06 (A'=(A,B))> be the logic function that performs the addition 



of two binary numbers of 2n-bits, A and B. Then, the logic function / is 
shown in FIG. 30. This function can be decomposed into 2n subfunctions 
{go, gi, g2ni} as shown in FIG. 31, where each subfunction can be 
represented by the logical expressions- Eq.(l2) and Eq.(l3). 



10 [0245] 



5() = VSluSo] 

= [aobo V aoCin V boCin, ao © 6o ® Qn] 



[0246] 



9i = 



S-] 



(z = 1,2,- • -,271-1) 



That is, one of the subfunctions represents the sum Si of three 
numbers- two input variables fli, bi and the intermediate variables Cout^^'^^ 
that shows the carry propagation; and the other subfunction represents the 
15 carry output Cout^*^ of the three numbers^ two input variables czi, bi and the 
intermediate variables Cout^^"^^ that shows the carry propagation. 



[0247] 



(12) 



(13) 



Assume that such an adder is implemented by the PLD consisting of 



four stages of the memories for logic (4-0) - (4-3) as shown in FIG. 25. We 
20 partition the subfunctions {go, gi, g2n-i} into n groups as shown in FIG. 
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32: {go, gi}, {g2, ga), {g2n-2, g2n i}. Then, as shown in FIG. 33, let the 
groups of subfunctions be denoted by n subfunctions: fo, /i, and fn-i. 
Here, these subfunctions have three inputs and three outputs, and they can 
be represented by Eq.(l4) or Eq.(l5). 
[0248] 

= (ai&i V (ai V 6i)(ao6o V aoQ^ V 6oCm), 

ai e h © (ao6o V aoQn V boCi,n), ® 6o © <^:n] 

[0249] 

= [a2v.4-i62Hi V (a2i+i V fe2Hi)(a2i&2i V a2ic!/J^^ V 62icil7^^)» 
(i = l,2j • • • ,n — 1) 

[0250] 

The truth table of each decomposition functional is shown in FIG. 34. 
Then, the truth table in FIG. 35 is stored in the first page of the memory for 
logic (4-0), and the truth tables (LUTs) in FIG. 36 are stored in the 0-th page 
of the memories for logic (4-0) - (4*3). Here, to S2U 521+1, and Cout^'^ (/^{l, 2, 
' wl}), we allocate the output bits of the memory for logic, so that they are 
sent to the input lines 12, /a, and /4 of the interconnection circuit (S-G+l)). 
[0251] 

In the 0-th page of the memories for input selection (3*0) - (3-3), the 
information of O-bit-shift, 5-bit-shift, 9-bit-shift, 13-bit-shift are stored. In 
the p-th pages (l^/?^ Oi-l)/4), the information of (16/? + l)-bit-shif, 
(l6p+5)-bit-shift, (l6p+9)-bit-shift, and (l6/7+13)-bit-shift is stored. 
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[0252] 

The 0-th page of the memory for interconnections (6-0) stores the 
information to shift eight bits. The 0-th page of memories for 
interconnections (6-1) - (6"3) store the information to shift four bits. The 
5 p-th page of memories for interconnections (6-0) • (6-3) stores the 
information to shift four bits, where (l^pS (n'l)/4). However, the [Ai/4]-th 
page of the memory for interconnections (6-a)(flFw mod 4) stores the 
information to shift five bits, because the page stores the information for 
connection of the output variables (five bits) of the decomposition function of 

10 the final stage. To shift four bits, we store Cs3, 52, 5i, so)= (O, 1, 0, O); to shift 
five bits, we store Ga, ^2, ^-i, sq)= (0, 1, 0, l); and to shift eight bits, we store 
Ga, 52, 51, 5o)=(l, 0, 0, 0), in the memory for interconnections. For example, 
when w=13, the content of the memory for interconnections (6) is shown in 
Table 5. 

15 [0253] 
(Table 5) 



Page 


Memory for 
Interconnection 
6-0 


Memory for 
Interconnection 
6-1 


Memory for 
Interconnection 
6-2 - 


Memory for 
Interconnection 
6-3 


0 


(1.0,0,0) 


(0,1,0,0) 


(0,1,0,0) 


(0,1.0,0) 


1 


(0.1,0.0) 


(0,1.0.0) 


(0,1,0,0) 


(0,1,0,0) 


2 


(0,1,0,0) 


(0,1,0,0) 


(0,1.0,0) 


(0,1,0,0) 


3 


(0,1.0.0) 


(0,1,0,1) 







[0254] 

The variable for designating block in the 0-th page of the memory for 
block designation (8-0), stores 1. The variables for designating memory 
20 area in the 0-th page of memories for block designation (8-1) - (8-3) store 0. 
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The variable for designating block in the p-th. page of the memories for block 
designation (8-0) ■ (8-3) {l^p^ («-l)/4) stores 0. For example, when n=13, 
the content of the memory for interconnections (6) is shown in Table 6. 
[0255] 
5 (Table 6) 



Page 


Memory for 
Interconnection 
6-0 


Memory for 
Intercomiection 
6-1 


Memory for 
Interconnection 
6-2 


Memory for 
Interconnection 
6-3 


0 


1 


0 


0 


0 


1 


0 


0 


0 


0 


2 


0 


0 


0 


0 


3 


0 











[0256] 



We assume that the PLD is programmed as mentioned above. 
From here, we explain the operation of the PLD. In the following 
explanations, we assume that «=5, for simplicity. 
10 [0257] 

First of all, to the input variable register (l), variables A, B, and dn 
are sent, and they are stored in the register (l). Moreover, n=5 is stored in 
the operation step register (6l). And, the operation control part (lO) first 
sets the count value / of the step counter (62) to n=5, and resets the count 

15 value k of page counter (63) to 0. In addition, the Johnson counter (69) is 
reset to 0. As a result, the page counter (63) of the operation control part 
(10) sets the 0-th page to the memories for the input selection (3*0) - (3*3); 
the memories for interconnections (6-0) - (6-3); and the memories for block 
designation (8-0) - (8-3), the 0-th page, as the page selection number /?r. 

20 [0258] 
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Moreover, input selectors (2-0) - (2-3) connects electrically, eight of 
the input terminals (iniOO) ' //iCc-l)), with the output terminals (outiOO) - 
outiOl)), according to the information for input selection on the control lines. 
[0259] 

5 More precisely, the memory for input selection (3-0) stores the 

information to connect (iniOO) - iniOl)) with (owKOO) - out{Ol))\ the memory for 
input selection (3-1) stores the information to shift by five bits, and to 
connect (m(05) * m(l2)) with (owKOO) - outiQl))\ the memory for input 
selection (3-2) stores the information to shift by nine bits, and to connect 
10 (/rt(09) - m(l6)) with (owKOO) - out(Ql))\ and the memory for input selection 
(3-3) stores the information to shift by 13 bits, and to connect (/w(l3) - 1/2(20)) 
with (owKOO) - out(Ql)). 
[0260] 

Moreover, memories for interconnections (6*0) - (6-3) produce 
15 information for connection (53^^\...,^o^^0 stored in the 0-th page to control 
lines of the interconnection circuits (5-0) - (5*3). The interconnection 
circuits (5-0) - (5-3) connect input lines (/8 - /15) with output lines (oO • ol), 
according to the information for connectionsC^s^^^ ^o^^O supplied by the 
control lines. More precisely, the interconnection circuit (5-0) connects (i8 - 
20 /15) with (oO - ol) by shifting eight bits, and connects 0*0 - il) with (<?8 - ol5). 
Moreover, the memories for interconnections (6*1) ■ (6-3) send the signals to 
the interconnection circuit to connect (/4 - ill) with (oO - o7), and to connect 
(/12 - /15) and (/O ■ /3) with (08 - ol5). 
[0261] 

25 Moreover, memories for block designation (8-0) • (8*3) send the 

variables for designating memory area written in the 0-th page, to address 
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decoders (16) of memories for logic (4-0) - (4-3). As a result, in the memory 
for logic (4-0), one page becomes an accessible state, and in memories for 
logic (4-1) - (4-3), one page becomes an accessible state. 
[0262] 

5 Next, the operation control part (10) produces the input variable X 

by the input variable register (l). At this time, to the input terminals of 
the input selectors (2-1) - (2-3), the values of the input variable are sent as 
shown in Table 7. 
[0263] 
10 (Table 7) 



i(00) 


i(01) 


i(02) 


i(03) 


i(04) 


i(05) 


i(06) 


i(07) 


•(08) 




"/ 






bo 








bi 


i(09) 


i(10) 


i(ll) 


i(12) 


i(13) 


i(l4) 


i(15) 


i(16) 


i(17) 




"4 












be 




i(18) 


i(19) 


i(20) 














"10 



















[0264] 

The input selector (2-0) produces (omKOO), oi/KOl), o«K02), omK03), 
out(04)) = (cin, au ao, 61, bo), and sends these signals to the input line (/s, '9, 'lo, 
/ii, 112) of the interconnection circuit (5-0). As for (omKOS) - omK07)), since 
15 they are not used, they are omitted. The interconnection circuit (5-0) shifts 
the signals by eight bits, and sends these signals to the output lines (00, 01, 
02, 03, 04). Thus, input variables (cin, ai, ao, bu bo) are sent to the memory 
for logic (4-0). 
[0265] 

20 Next, the output controller (64) of the operation control part (10) sets 
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CEo to 1, and makes the memory for logic (4-0) produce the data outputs. 
Also, it sets ADSPo to 1, and sets the address Oo, /i, /2, /a, /4, /s, /e, h) = (cin, ai, 
flto, bi, boy -) in the address register in memory for logic (4-0). Here, 
denotes the don't care (can be either 0 or l). After setting the address, the 
5 output controller (64) set ADSPo to 0. 
[0266] 

After setting the address, in the output terminals of the memory for 
logic (4-0), the values (-, -, So, Su Cout^^\ ■) of the truth values /o(cin, ai, ao, 
bu bo) stored in address (cin, ai, ao, 6i, bo, % ") of LUT(LUTi) on the first 
10 page appears, and these values are sent to the interconnection circuit (5-1). 
That is, (-, -, So, Si, Cout^^\ -,-,-) are sent to the input lines do, h, h, h, U, is, /e, 
/?) of the interconnection circuit (5-1). 
[0267] 

On the other hand, the input selector (2-1) produces (owKOO), owKOl), 
15 owK02), owK03)) = (a3, a2, b3, 62), and sends these signals to the input lines 
(is, /9, no, in) of the interconnection circuit (5-1). 
[0268] 

The interconnection circuit (5-1) produces the values shown in Table 

8. 

20 [0269] 
(Table 8) 







02 


03 


04 




06 


07 


c (0) 






















0.. 




On 


















So 
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[0270] 

The signals in the output lines (08 - ol5) of the interconnection 

circuit (5-1) are sent to the external output lines (7-1). Thus, the operation 
results So and Si are sent to two of the external output lines (7-1). 
5 [0271] 

Next, the step counter (62) in the operation control part (lO) 
decrements the count value / to 4. The output controller (64) in the 
operation control part (lO) sets CEi to 1, and let the memory for logic (4-l) 
to produce the output. Also, the output controller (64) sets ADSPi to 1, and 
10 set the address (/o, n, /2, /3, U, /5, ie, h) = (cout^^^ as, a2, bs, 62) to the 

address register in the memory for logic (4-1). After setting the address, 
the output controller (64) sets ADSPi to 0. In addition, the output 
controller (64) sets CEo to 0, and stops the memory for logic (4-0) to produce 
the outputs, because the output values of the memory for logic (4-0) of the 

m 

15 0-th stage have been already taken into the address register. 
[0272] 

After setting the address, in the output terminals of the memory for 
logic (4-1), values (-, -, ^2, 5*3, Cout^^K ", ■) of the truth values /i(cout^^\ as, 02, 63, 
62) stored in the address (cout^°\ *, as, a2, 63, 62) of LUT(LUTo) in the 0-th 
20 page appear. Then, these outputs are connected to the interconnection 
circuit (5-2). That is, to the input lines Go, /i, 12, hy 14, /e, /?) of the 
interconnection circuit (5*2), (-, S2, Ss, Cout^^\ % ') are sent. 
[0273] 

The input selector (2*2) produces (owKOO), outiOl), oi//(02), outiOS)) = 
25 (flo, 65, 64), and sends these signals to the input lines (/s, ^9, uo, in) of the 
interconnection circuit (5-2). 
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[0274] 

From the interconnection circuits (5-2), the values shown in Table 9 
are produced. 
[0275] 
5 (Table 9) 









03 


04 


05 


06 


07 


c 0) 

out 








«j 
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Ol3 


Ou 





















[0276] 

Output lines {os ' oid of the interconnection circuit (5-2) are taken 
out as the external output lines (7-2). Therefore, the operation results 52 
and Sz are sent to two of the external output lines (7*2). 
10 [0277] 

In a similar ways, the operations are done in the memories for logic 
(4-2) and (4-3). And, the operation results 54 and 55 of the memory for logic 
(4-2) are sent to two of the external output lines (7-3). Moreover, the 
output values (-, -, 56, 5?, Cout^^)^ -) of the memory for logic (4-3) are fed 
15 back to the input lines O'O - /7) of the interconnection circuit (5-0). 
[0278] 

Next, the step counter (62) of the operation control part (10) 
decrements the count value / to 1. Because the operation in the memory for 
logic (4-3) finished, the page counter (63) increments the count value k by 
20 one, and sends the value k as the count signal /?jt. 
[0279] 

With this, because the access pages of the memory for input 
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selection (3), the memory for interconnections (6), and the memory for block 
designation (8) are changed, the outputs from these memories will also 
change. More precisely, the amount of shifts specified by the memory for 
input selection (3-0) will be 17. Moreover, the information for connection 
5 produced by the memory for interconnections (5*0) is changed to Cs3, ^2, ^i, ^0) 
= (0, 1, 0, 0), and the information for connection produced by the memory for 
interconnections (5-1) is changed to G3, 52, si, so) = (0, 1, 0, l). In addition, 
the value of the variable for designating block /?(pp=l), produced by the 
memory for block designation (8-0) is changed to 0. Thus, in the memory 
10 for logic (4-0), the 0-th page becomes an accessible state. 
[0280] 

Moreover, with this, the operation results Se and Si of the memory 
for logic (4-3) are sent to two of the external output lines (7-0). 
[0281] 

15 And, similarly to the above case, the operation is done in the 

memory for logic (4-0), and the output values (-, 5^, S^', c^^^^^)^ .) of the 
memory for logic (4*0) are sent to the input lines Go " 17) of the 
interconnection circuit (5-1). The interconnection circuit (5-1) shifts these 
signals by five bits, and send (^8, 5*9, Cout^^O to the output lines (013, ou, 015). 

20 Thus, the operation result iSs, S9, Cout^^O of the memory for logic (4*0) are sent 
to three of the external output lines (7-1). All the operation results are sent 
to the output lines (7-0) - (7-3), and the operation completes. 
[End of Example 2] 
[0282] 

25 In Example 2, we assumed that the set of input variables AD, Al, 

and Xs'i, where each corresponds to the inputs of an LUT, the sets of 



82 

variables are disjoint. That is, they have no common elements, or Xi U Aj= 
However, in the PLD in this invention, we can apply the method 
when any two sets from Xo,Xi, and Xa-i have common element(s). 

5 IX. EMBODIMENT 8 

[0283] 

FIG. 37 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 8 of the present invention. 
[0284] 

10 The first feature of this EMBODIMENT is as follows: The PLD has 

i 

the input selectors (80-0) - (80-3) that select the input variables and, sent 
them directly to the memories for logic (4-0) - (4-3) without using 
interconnection circuits (5-0) - (5-3). The PLD has the input selection 
memories (81-1) - (81-3) that store the information for the above input 

15 selection. In addition, the PLD has the input selectors (2-0) - (2-3) that 
select the input variable sent the interconnection circuits (5-0) ■ (5*3). The 
second feature this EMBODIMENT is as follows: The PLD has direct 
connection from the memory for logic (4-(/-l)) to the memory for logic (4-/): 
A part of the intermediate variables produced by the memory for logic 

20 (4-(/-l), /^{l, 2, 3}) in the preceding stage are sent to the memory for logic 
(4-/) of the succeeding stage without using the interconnection circuit (5-i). 
[0285] 

In such a structure, we can reduce the number of input lines to the 
interconnection circuits (5-0) - (5-3). As a result, we can reduce the size of 
25 the interconnection circuits (5-0) - (5-3). Moreover, when the 
interconnection circuits (5-0) - (5-3) are realized by the shifters like FIG. 4, 
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the number of levels of the shifter can be reduced, and the circuit becomes 
faster. 

X. EMBODIMENT 9 

5 [0286] 

FIG. 38 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 9 of the present invention. 
[0287] 

The feature of this EMBODIMENT is that the PLD has the 
10 intermediate variable register (82) in the input side of the interconnection 
circuit for the feedback. In this case, the register temporarily stores the 
output signals of the memory for logic (4-3) in the final stage, and sends the 
signal to the interconnection circuit (5-0), 
[0288] 

15 In EMBODIMENT 7, we used synchronous memories that operate 

synchronizing with the clock as the memories for logic (4*0) - (4-3). 
However, we can also use asynchronous memories in the memories for logic 

(4-0) - (4-3). 
[0289] 

20 However, if we use asynchronous ones for the memories for logic 

(4-0) - (4-3), then some undesirable phenomena, such as an oscillation, may 
occur. This is because the output signals of the memory for logic (4-3) in 
the final stage are fed back to the input of the memory for logic (4*0) in the 
first stage. 

25 [0290] 

Therefore, in this EMBODIMENT, we use the intermediate variable 
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register (82). Each time the operation of a cycle is finished, the output 
values of memories for logic (4-0) - (4-3) are fixed, and the values of the 
intermediate variables produced by the memory for logic (4-3) are stored in 
the intermediate variable register (82). When it moves to the next 
5 operation loop, the intermediate variables stored in the intermediate 
variable register (82) are sent to the memory for logic (4-0), to do the 
operation of the next loop. 
[0291] 

In this way, even if we use the asynchronous ones for memories for 
10 logic (4-0) - (4-3), we can prevent the oscillation, and obtain the correct 
results. 



XI. EMBODIMENT 10 

[0292] 

15 FIG. 39 is a block diagram of the PLD in accordance with 

EMBODIMENT 10 of the present invention. The PLD of this 
EMBODIMENT consists of output circuits (86-1) - (86-s), and s Cs^2) copies 
of the operation part (85). In the PLD of this EMBODIMENT, at most s 
operations can be done by the pipelining. Therefore, in FIG. 39, s copies of 

20 output circuits (86) are employed. However, the number of output circuits 
(86) can be reduced if necessary. 
[0293] 

FIG. 40 is a simplified block diagram of the operation part (85) of the 
PLD in accordance with EMBODIMENT 10 of the present invention. In 
25 FIG. 40, the following components are the same as FIG.l, so the same 
symbols are used: The input variable register (l); input selectors (2-0) - 
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(2-G-l)) Cs^3); memories for input selection (3-0) - (3-G-l))i memories for 
logic (4-0) - (4-(5-l)); interconnection circuits (5-0) - (5-Cs-l)); memories for 
interconnections (6*0) - (6-Cs-l)); external output lines (7-1) • (7's)\ and the 
operation control part (lO). 
5 [0294] 

The PLD in this EMBODIMENT, s is^2) copies of memories for logic 
(4-z, /=0, ■ s'l) are connected in series. Between the (rl)-th stage (/^{l, 
S'l}) of the memory for logic (4-(rl)), and the i'th stage of memory for 
logic (4-/)), the interconnection circuit (5-/), memory address register 
10 (denoted by MAR) (90-z), and the direct access selector (denoted by DAS) 
(91-/) are connected in this order. Moreover, to the input side of the 
memory for logic (4*0) in the first stage, DAS(91-0) is connected. 
[0295] 

All the output lines of the input selection circuit (2*0) are connected 
15 with the input lines of the DAS (91-0) in the first stage. Some of the output 
lines of the input selection circuit (2-/,/e{l, --j^-l}) is connected to a part of 
the input lines of memory for logic (4-/), and others are connected to a part of 
the input line of the MAR (90-0. 
[0296] 

20 All the input lines of the memory for logic (4-0) in the first stage, are 

connected with the output lines of the DAS (91-0). Moreover, all the input 
lines of other memories for logic (4-/, ie{l, • ^-l}) are connected with the 
output lines of the DAS (91-/), arranged in the preceding stage. 
[0297] 

25 All the output lines of the memory for logic (4-G-l)) in the last stage, 

are connected with the external output line ils). Moreover, all the output 
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lines of other memory for logic (4-/, /G{0, • s'2}), are connected with a part 

of the input lines of the interconnection circuit (5-(/+l)). 

[0298] 

Memories for logic (4-0) • {4's) have power control terminal PW. 
5 When the signal 1 is applied to the power control terminal PW, each 
memory for logic (4-/, /£{0, • 5-1}) becomes a wake-up mode. When 0 is 
applied to PW, each memory for logic (4-/) becomes low power mode. In the 
power control terminals PW of memories for logic (4-0) - (4-^), the power 
supply control signals (cpo - cps i) are supplied. With this power supply 

10 control signals (cpo ■ (ps i), the power supply control of memories for logic (4-0) 
■ (4-5) is done. When two or more jobs are executed by the pipelining using 
all the memories for logic, signal 1 is sent to this power supply control 
signals (90 ' cps i). On the other hand, in other cases, the multiphase clock 
is used for the power supply control signals (cpo " cps-i) according to the flow of 

15 the job. As a result, only the memories for logic that executes the operation 
are in the wake-up mode, and others are in the low power mode. In this 
way, we can reduce the power dissipation. 
[0299] 

Among the input lines of the interconnection circuit (5"/, /^{l, 
20 s'l}), some are connected with the output lines of the input selection circuit 
(2*0), and the others are connected with the output lines of the memory for 
logic (4-(/-l)). Moreover, some of the output lines of the interconnection 
circuit are connected with MAR(90-/), and the others are connected with 
external output lines (7-/). The details of interconnection circuit (5-/) are 
25 described later. 
[0300] 
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The MAR (90*/, s'l}) temporarily stores the values of 

variables supplied by input lines (data input lines). The MAR (90-/) also 
works as an intermediate variable register. As for the input lines of the 
MAR(90-/), a part is connected to a part of the output lines of the input 
5 selector (2*/), and the others are connected to a part of the output lines of the 
interconnection circuit (5-/). As for the output lines of the MAR (90-/), all of 
them are connected with a part of the input lines of the DAS (91-/). 
[0301] 

Moreover, MAR (90*/) has the external clock input line, the reset 
10 input line, and the bypass control inputs line. To the external clock input 
line, the clock signal clock is supplied from the outside. Moreover, the 
operation control part (lO) supplies the reset signal and bypass control 
signals to the reset input line and the bypass control inputs lines, 
respectively. This MAR(90-/) works as an intermediate variable register^ 
15 it temporarily stores the address for the memory for logic. In this case, the 
clock signal supplied to the external clock input line becomes a data strobe 
signal. The details of the MAR(90-/) will be shown later. 
[0302] 

The DAS (91-/, /e{0, • •, s-l}) are installed to directly write the data 
20 into the memory for logic (4-/) from the outside, or to test the memory for 
logic (4-/). The DAS (91-/) has two-input one-output multiplexer (denoted 
by MUX): The number of MUXs is equal to the number of the input lines 
(data input lines) of memory for logic (4-/). The output terminal of each 
MUX is connected to each input line of the memory for logic (4-/). One 
25 input terminal (the 0-side input terminal) of each two-input MUX, is 
connected to the eternal address input line (101-/). On the other hand, the 
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other input terminal (the 1-side input terminal) is connected with the 
output lines of the MAR (90-/). (A part is directly connected to the output 
lines of the input selection circuit (2*/)). The selection control lines (102) 
are connected to the selection control terminals of the MUXs. The 
5 operation control part (lO) sends the DAS selection control signal (DAS 
select) to the selection control line (102). Each MUX selects the O-side of 
the input terminal when the DAS selection control signal is 0, and selects 
the 1-side of the input terminal when the DAS selection control signal is 1. 
[0303] 

10 When we need to access the memory for logic (4*/) directly, we put 

the address of the memory to the external address input lines (lOl-/). The 
direct access of the memory for logic (4-/) becomes possible by setting the 
DAS selection control signal to 0, and by supplying the address to the 

m 

external address input lines (lOl-i). By using this feature, we can write the 
15 data into the memory for logic (4*/), or test the memory for logic (4-/). 
[0304] 

In this EMBODIMENT, the memories for interconnections (6-/, /E{l, 
•', s'l}) store the variables for designating the memory area, in addition to 
the connection variables that show information for connection. The 

20 information for connection specifies^ the method to select the lines that are 
connected to each input line of the memory for logic (4-/) in the succeeding 
stage among output lines or the external input lines of the memory for logic 
(4-(rl)) in the preceding stage between two memories for logic (4-(rl)) and 
(4-/). Moreover, the variable for designating block specifies the memory 

25 area in the memories for logic (4-(/-l)) and (4-/). Therefore, the memory for 
interconnections (6-/) can also be used as a means to designate the memory 
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area. The details will be explained later. 
[0305] 

FIG. 41 is a schematic diagram showing the structure of the 
interconnection circuit and the memory address register (denoted by MAR) 
5 in FIG. 40. The interconnection circuit (5-/) has the memory packing 
shifter (denoted by MPS) (92), and the rail selector (93). 
[0306] 

* 

The MPS (92) has k input hnes (data input lines), k output Hnes 
(data output Unas), and the shift control lines, where the number of the 

10 inputs and the outputs of MPS are the same. To each input line of the MPS 
(92), each output line of the memory for logic (4) in the preceding stage is 
connected. To the shift control lines of the MPS (92), Ri, a part of the 
variables for designating memory area R, produced by the memory for 
interconnections (6-i) (denoted by "Column selection variable") is supplied. 

15 When we need to acquire a part of the data read from the memory cell in the 
memory for logic (4-(/-l)) in the preceding stage, the column selection 
variables Ri specify the area of the columns in the memory cells, where the 
data to be read is stored. The MPS (92) shifts the variables Yi={yd supplied 
from the output lines of the memory for logic (4-(/-l)), by the amount 

* 

20 specified by the column selection variable Ri, and send them to the output 
lines. As a result, the MPS (92) can select the necessary variables from the 
output variables of the memory for logic (4-(i-l)) in the preceding stage. 
[0307] 

The rail selector (93) has plural two-input one-output multiplexers 
25 (denoted by MUX) (93a). Each MUX (93a) has one output terminal, two 
input terminals (data input terminals), and one selection control inputs 
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terminal. 
[0308] 

To the selection control input terminal of each MUX (93a), each 
connection variable produced by the memory for interconnections (6-/) is 
5 supplied. Each MUX (93a) selects the 0-side input terminal or the 1-side 
input terminal, according to the value of the connection variable supplied to 

* 

the selection control input terminal. 
[0309] 

The output terminal of each MUX (93a) is connected with an input 
10 line of the MAR (90-/). To an input terminal (O'side input terminal) of each 
MUX (93a), an output line of the input selection circuit (2*0 is connected. A 
part of the output lines of the input selection circuit (2-/) is directly 
connected with the input lines of the MAR (90-/) without going through an 
MUX (93a). 
15 [0310] 

These MUXs (93a) can be divided into two groups- the group for 
the page/input variable selection (93b); and the group for the preceding 
stage output variables/input variable selection (93c). 
[0311] 

20 R2 (denoted by "row selection variable"), a part of the remaining 

variables for designating memory area R supplied by the memory for 
interconnections (6-/), is sent to the 1-side input terminal of each MUX (93a) 
of the group for page/input variable selection (93b). When accessing cells in 
the memory for logic (4*/) of the succeeding stage, the row selection variables 

25 R2 specifies the row areas to access in the memory cell. Each MUX (93a) in 
the group for page/input variable selection (93b), selects either the row 
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selection variable or the input variable, and send the output to the input 
line of the MAR(90-/). In this way, we can change the number of bits of the 
row selection variables by installing MUXs (93a) in the group for page/input 
variable selection (93b). 
5 [0312] 

Each output line of the MPS (92) is connected with the 1-side input 
terminal of each MUX (93a) of the group for the preceding stage output 
variables/input variable selection (93c). Each MUX (93a) in the group for 
the preceding stage output variables/input variable selection (93c), select 
10 either: the output variables selected by the MPS, among the outputs of the 
memory for logic in the preceding stage (4-(rl)); or input variables. Then, 
it sends the output to an input line of the MAR (90-/). 
[0313] 

The MAR (90-/) consists of pairs of a synchronous D flip-flop 
15 (denoted by DFF) (90a) and a bypass selection circuit (90b). Each DFF 
(90a) has the data input terminal (D); the data output terminal (Q); the 
clock terminal (LOAD); and the reset terminal (RST). Moreover, each 
bypass selection circuit (90b) consists of a two-input one-output multiplexer. 
[0314] 

20 To the clock terminal (LOAD) of the DFF (90^), the clock signal 

(clock) from the outside is supplied. This clock signal becomes the data 
strobe signal. To the reset terminal (RST) of the DFF (90a), the reset 
signal (reset) produced by the operation control part (lO) is supplied. 
[0315] 

25 The data input terminal (D) of the DFF (90a) is connected to the 

1-side input terminal of the bypass selection circuit (90b), using the bypass 
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line (90c). Moreover, the data output terminal (Q) of the DFF (90a) is 
connected with the 0-side input terminal of the bypass selection circuit (90b). 
The data input terminal of each DFF (90a) is connected with each output 
line of the interconnection circuit (5-/) in the preceding stage, that is an 
5 output line of rail selector (93), or an input selector (2-/). 
[0316] 

To the control input terminal of the bypass selection circuit (90b), 
the bypass control signal produced by the operation control part (lO) is 
supplied. The bypass selection circuit (90b) selects either the 0-side input 
10 terminal or the 1-side input terminal by this bypass control signal. 
[0317] 

The data output terminals of a part of DFFs (90a) are connected 
with the DAS (91-/) in the succeeding stage, and the data output terminals 
of a part of the remainder of DFFs are connected with the external output 

15 lines (7-/). In this case, DFFs (90a) that are connected with the MUX (93a) 
of the group for page/input variable selection (93b); or DFF (90a) that are 
directly connected with the output lines of the input selector (2-/), are 
connected with the DAS (91-/) of succeeding stage. In the DFFs (90a) that 
are connected with MUXs (93a) of the group for the preceding stage output 

20 variables/input variable selection (93c), a part of them are connected to the 
DAS (91-/) of the succeeding stage, and a part of the rest are connected with 
the external output lines (7-/). 
[0318] 

FIG. 42 is a schematic diagram showing the output circuit (86-/, /G 
25 {l, ••, ^}) of the PLD in accordance with EMBODIMENT 10 of the present 
invention. The output circuit (86-/) consists of the output selection circuit 
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(94); the output shifter (95); the output packing shifter (96); the output 
selection memory (97); the output packing register (98); and the output 
register (99). 
[0319] 

5 The output selection circuit (94) selects one of the output variables 

(l^i " i^s) that are sent to the external output lines (7-l) - (7-s)y based on the 
values of the step variable (step) produced by the operation control part (10). 
Then, it sends the selected output variables Yi to the output shifter (95). 
Output variables Yi are sent to the output shifter (95) from the output 
10 selection circuit (94). The output shifter (95) shifts the output variables yi, 
and sends them to the output packing shifter (96). 
[0320] 

The output packing shifter (96) has plural data input lines and 
plural data output lines. A part of this data input lines is connected with 

15 the output lines of the output shifter (95), and the remainder is connected 
with the output lines of the output packing registers (98), which will be 
explained later. The output lines of shifter (96) are connected with the 
input lines of the output packing register. The number of input lines of the 
output packing shifter (96) is equal to the sum of the number of output lines 

20 of the output shifter (95) and the number of output lines of the output 
packing register (98). The number of output lines of the output packing 
shifter (96) is equal to the number of output lines of the output packing 
register (98). 
[0321] 

25 The output packing shifter (96) shifts the input signals by the 

specified amount of bits, and send a part of them to the output lines. When 
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the amount of shift is 0, the input lines connected with the output Hnes of 
the output packing register (98) are connected with the output lines of the 
output packing shifter (96). 
[0322] 

5 The output selection memory (97) stores, the information related to 

the amount of shift of the output shifter (95) and the output packing shifter 
(96). The output selection memory (97) produces these amounts of shift 
information to the output shifter (95) and the output packing shifter (96), 
according to the page variables sent from the operation control part (lO). 
10 The output shifter (95) and the output packing shifter (96) shift the data 
according to these amounts of shift information. 
[0323] 

The output packing register (98) latches the outputs of the output 
packing shifter (96), according to the clock input from the outside. The 

15 outputs of the output packing register (98) are sent to the output register 
(99), and fed back to the input side of the output packing shifter (96). In 
this architecture, we can pack the output variables that appear on the 
external output lines (70-/) sequentially into the output packing register (98) 
without any space. 

20 [0324] 

The output register (99) receives the output of the output packing 
register (98) and store them, when the output loading signal (0_load) is 
generated by the operation control part (lO) at the end of all the operations. 
[0325] 

25 For the PLD realized as mentioned above, we will explain the 

operation for this EMBODIMENT as follows: 
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[0326] 

Figs. 43 thorough 45 illustrate the flow of the operation process of 
the PLD for EMBODIMENT 10. Here, we will explain the example where 
the number of levels of the memory for logic (4) is five G=5). In this figure, 
5 (cpo ■ (ps) denote a five-phase clock. Moreover, assume that the DAS 
selection control signal is set to 1. Therefore, DASs (91-0) - (91-4) select the 
input values from the preceding stage, and transmit them to the memory for 
logic (4) of succeeding stage. 
[0327] 

10 In the initial state, assume that all the memories for logic (4*0) * 

(4-4) are in the low-power states. 
[0328] 

First, as shown in FIG. 43 (a), the input variables X are sent from 
the external input lines to the input variable register (l). The input 

15 variable register (l) receives the variable X and stores them. The input 
variables X are sent from the input variable register (l) to input selectors 
(2-0) * (2-4). According to the output values of the memory for input 
selection (3-/), each input selection circuit (2-/, zG{0, 1, 2, 3, 4}) selects input 
variable Xi from the input variable X, to be sent to the memory for logic (4-i) 

20 of rth stage. 
[0329] 

The input selection circuit (2-0) sends the input variable Xq to the 
input lines of the memory for logic (4-0). The input selection circuit (2-/, 
{1, 2, 3, 4}) sends the input variable Xi to the input lines of the 
25 interconnection circuit (5-i). 
[0330] 
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Next, as shown in FIG. 43 (b), the power control signal cpo supplied to 
the power control terminal PW of the memory for logic (4-0) becomes 1. As 
a result, the memory for logic (4-0) becomes a wake-up state. Also, the 
operation results of the LUT in the first stage are produced from the output 
5 lines of memory for logic (4*0). In Figs. 43 through 45, the memories for 
logic marked with the dark color denote that they are in the wake up state. 
[0331] 

The interconnection circuit (5-l) connects the output lines of the 
memory for logic (4-0), and the output lines of the input selector (2-1), with 

10 the input lines of the MAR (90-1), according to the outputs of the memory 
for interconnections (6-1). Then, a part of the operation results of the LUT 
of the first stage is sent to the external output lines (7-1) as the output 
variables Yu Moreover, other variables are sent to the input lines of the 
MAR (90-1) as the intermediate variable f/i. Moreover, the input variables 

15 Xi are sent to the input lines of the MAR (90-1). 
[0332] 

Next, with the rise of the clock (elk), the MAR (90-1) receives the 
intermediate variable Ui and the input variable Xu and stores them. Also, 
the power control signal cpo becomes 0, and the memory for logic (4-0) 

20 becomes in the low-power state, again. The power control signal cpi 
becomes one at this time as shown in FIG. 44 (a), and the memory for logic 
(4-1) becomes in the wake-up state. Then, from the output lines of the 
memory for logic (4-l), the operation results of the LUT of the second stage 
are produced. The interconnection circuit (5-2) connects the output lines of 

25 the memory for logic (4-1) and the output lines of the input selector (2-2), 
with the input lines of the MAR (90-2), according to the output of the 
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memory for interconnections (6-2). And, a part of the operation result of 
the LUT in the second stage is sent to the external output lines (7-2) as the 
output variables 72. Moreover, other variables are sent to the input lines of 
the MAR (90-2) as the intermediate variables U2. Also, the input variables 
5 X2 are sent to the input lines of the MAR (90-2). 
[0333] 

In a similar way, the operation goes on as illustrated in FIGS. 44(b), 
45 (a), 45 (b), and all the operations will be completed. 
[0334] 

10 Thus, in this way, we can reduce the power dissipation of total 

system; by setting only the memories for logic actually used for the 
operation to the wake-up state; and by setting the other memories for logic 
not used for the operation to the low power state. 
[0335] 

15 Although we explained the operation to execute only one task here, 

we can execute plural tasks by the pipelining, in the PLD of this 
EMBODIMENT. As a result, we can efficiently process a lot of tasks. 
[0336] 

Moreover, we can perform the operation in high speed asynchronous 
20 mode without using the clock, by making all the memories for logic (4-0) - 
(4-(5"l)) wake-up states, and setting the bypass control signal input to the 
MAR(90-/, /eU, - ^^-l}) tobe 1. 
[0337] 

Next, we explain a memory packing method of the memory for logic 
25 (4-/, /G{0, 5-1}) that uses variables for designating memory area R and 
the MPS (92). 
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[0338] 

FIG. 46 explains the idea of the memory packing. FIGS. 46(a) and 
46(b) show the maps of memories for logic. 
[0339] 

5 In the PLD shown in EMBODIMENT 1, LUTs of plural logic 

functions can be stored in a memory for logic by changing the page. FIG. 
46 (a) illustrates the idea. In FIG. 46, two most significant bits of the row 
address of the memory for logic are used for the page specification bits. 
Thus, the memory for logic is divided into four pages. In this case, by 
10 storing each LUT in a page, we can store at least four LUTs. Note that 
when an LUT uses only a part of the columns, we can store plural LUTs in 
one page. 
[0340] 

For instance, in FIG. 46 (a), three LUTs for logic functions /2,/6, and 
15 fj are stored in the second page. Moreover, two LUTs for /a and fs are stored 
in the third page. 
[0341] 

However, in this method, unused areas will be • scattered over the 
memory for logic, and the efficiency of the memory usage is low. In this 

20 case, we can improve the efficiency of memory usage by packing memory as 
shown in FIG. 46 (b)- pack the LUTs as much as possible in the memory 
for logic to reduce the space. Thus, we can increase the number of LUTs 
that are stored in a memory for logic. We denote this method by "Memory 
packing"^ to store as many LUTs as much as possible in the memory for 

25 logic to reduce the space. 
[0342] 
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To implement the memory packing as mentioned above, the number 
bits for page specification should be changeable. Moreover, we need a 
scheme to read an arbitrary position of columns of the memory for logic. 
[0343] 

5 In FIG. 41, with the interconnection circuit (S'l, s'l}) for 

this EMBODIMENT, we can perform the memory packing. First, the page 
specification is done by row selection variables R2 produced by the memory 
for interconnections (6-/). Moreover, the number of bits used for the page 
specification is specified by the variables sent to the MUX (93a) of the group 
10 for page/input variable selection (93b), that is part of the connection 
variables produced by the memory for interconnections (6-/). In the 
example of FIG. 41, we can use up to three bits as the page specification bits 

■ 

(However, we need not limit to three bits, but can design a PLD to treat 
other number of bits). When we do not use the page specification bits, we 
15 can use these bits for the input variable. 
[0344] 

Next, we use the MPS (92) to change the read position of the column 
address in the memory for logic. For example, when we want to shift the 
columns of the outputs of the memory for logic (4-(/-l)) in the preceding 
20 stage by eight bits, we use MPS (92). As a result, the columns in the 
memory for logic can be read from an arbitrary position. The read position 
of the columns is specified by column selection variables Ri produced by the 
memory for interconnections (6-/). 
[0345] 

25 As mentioned above, by using interconnection circuits (5-/, iG{l, 

s-l}) of this EMBODIMENT, we can realize the memory packing. 
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[0346] 

Finally, we will explain briefly the operation of the output circuit 
(86-/) shown in FIG. 42. First, the operation control part (lO) produces the 
step variable (step), that shows the stage number (/-l) of the memory for 
5 logic (4-(rl)), and sends it to the output variables Yi (86-/). The output 
selector (94) selects the output variables Yi based on the values of the step 
variable (step). The selected output variables Yi are sent to the input lines 
of the output shifter (95). 
[0347] 

10 On the other hand, the output selection memory (97) produces the 

information concerning the amount of shifts of the output shifter (95), and 
the output packing shifter (96). 
[0348] 

In general, all the bits of output variables Yi are not necessarily used, 
15 and only effective output variables are sent to a part of the bits in Yi. Then, 
the output shifter (95) shifts the output variables {Yd according to the 
amount of shift information produced by the output selection memory (97). 
As a result, only the used output variables of Yi are packed into the output 
packing shifter from the edge. The output shifter (95) sends the outputs to 
20 the input lines of the output packing shifter (96). 
[0349] 

In addition, the output packing shifter (96) shifts the signals of the 
input lines by the necessary amount, and connects a part of them to the 
output lines. For example, let r be the effective number of bits of the 
25 output variables Yi produced by the output shifter. In this case, the output 
packing shifter (96) shifts the signals of the input lines by r bits, and sends 
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to the output lines. As a result, the output variables consisting of r bits 
produced by the output shifter (95) are packed into r least significant bit 
positions of the input line of the output packing register (98). The output 
packing register (98) stores the output values of the output packing shifter 
5 (96) synchronizing with the clock "elk." 
[0350] 

Next, when the step variable (step) becomes /, and the output 
selector (94) selects the output variables yi+i, the output variables are sent 
to the lowest bit positions in the input lines of the output packing register 

10 (98), in a similar way. At this time, the values of the variables previously 
stored in the output packing register (98), are fed back to the input lines of 
the output packing shifter (96). Thus, the values of the variables 
previously stored in the output packing register (98) are also shifted by the 
same number of bits as the new output variables, and sent to the output 

15 packing register (98). And, the output packing register (98) stores the 
output values of the output packing shifter (96), synchronized with the clock 
"elk." 
[0351] 

In this way, the output variables are packed into the output packing 
20 shifter (96) sequentially without space. When the operation finishes, the 
operation control part (lO) sets the loading signal (OJoad) to 1. After this, 
the output register (99) reads the output values of the output packing 
shifter (96), stores, and then sends them to the outputs. 
[0352] 

25 By using the output circuit of this EMBODIMENT, we can pack the 

operation results produced by memories for logic separately, and arrange 
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them into one data, and then send it to the outputs. 

XII. EMBODIMENT 11 

5 [0353] 

FIG. 47 is a simplified block diagram of the PLD in accordance with 
EMBODIMENT 11 of the present invention. The difference of this 

■ 

EMBODIMENT from EMBODIMENT 10 is that s memories for logic (4-0) - 
(4-(5-l)) (5^2) are connected to form a ring^ basic structure of the PLD for 

10 this EMBODIMENT is similar to the PLD of EMBODIMENT 10. That is, 
to the succeeding stage of the memory for logic (4-Cs-l)), the interconnection 
circuit (5-5), the MAR (90-^), and the DAS idls) are installed, and the 
output lines of the DAS (91-j) are connected with the input lines of the 
memory for logic (4-0). 

15 [0354] 

By connecting memories for logic (4*0) - (4-(5-l)) to form a ring, we 
can make the number of levels in the LUT cascade implemented by the PLD 
greater than s. Thus, we can increase the degree of freedom for design of 
the LUT cascade. 
20 [0355] 

For example, consider the case of 5=2. Let us emulate the LUT 
cascade of four stages by using two memories for logic (4*0) and (4*1). As 
shown in FIG. 48, the LUT of the first stage is stored in the 0-th page (Fig. 
48 (a)); the LUT of the second stage is stored in the 0-th page (Fig. 48(b)); 
25 the LUT of the third stage is stored in the first page (Fig. 48(c)); and the 
LUT of the forth stage is stored in the first page (Fig. 48(d)). In this 
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example, we did not use the memory packing; however, we can use the 
memory packing method mentioned above to increas.e the efficiency of 
memory usage. 
[0356] 

5 Moreover, as shown in the following Example 3, we can implement 

two or more logic functions at the same time with one PLD with the 
memories for logic connected in a ring. 
[0357] 
[Example 3] 

10 Consider two logic functions / and g given by Eq.(l6) and Eq.(l7), 

respectively. 
[0358] 

/ = {{Xi V X2)X3 V X4)X'^ V x^ (16) 

[0359] 

g = {{XaXs V V X2)X3 (17) 

15 

[0360] 

The logic function / for Eq.(l6) can be realized by the LUT cascade 
with six-stages shown in FIG. 49 (a). The logic function g for Eq.(l7) can be 
realized by the LUT cascade with six-stages shown in FIG. 49 (b). 
20 [0361] 

Then, we can implement these two LUT cascades by the PLD with 
six memories for logic connected in circular. In this case, as shown in FIG. 
50, we arrange the cells of two cascades so that each variable in the cells of 
the LUT cascade for / will overlap with each variable in the cells of the LUT 
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cascade for g. 
[0362] 

And, combine these two LUT cascades into one LUT ring as shown 
in FIG. 51. As a result, we can implement two combinational logic circuits 
5 by one LUT ring. By storing the data into the memories for logic of the 
LUT ring, we can implement the two operations for two logic functions /and 
g at the same time with one PLD. 
[End of Example 3] 

10 INDUSTRIAL APPLICABILITY 
[0363] 

As mentioned above, we have invented the following PLD- By using 
the interconnection circuit and the memory for interconnections, we can 
reconfigure the interconnections between the output lines of the memory for 

15 logic in the preceding stage as well as the input lines of the input variable, 
and the input line of the memory for logic of succeeding stage, according to 
the objective logic function. As a result, we can increase the degree of 
freedom in the design of the PLD- we can change both the numbers of rails, 
and the numbers of the input variables. Thus, we can realize more 

20 objective logic functions by one LUT cascade. Moreover, by optimizing the 
combination of the numbers of rails and the number of input variable, we 
can reduce the number of input lines for memories for logic. Thus, we can 
use the memory more efficiently. As a result, the usage area in LSI chip 
increases. Therefore, we can minimize the circuit, and achieve 

25 high-integration of the circuit. 
[0364] 
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Moreover, in the interconnection circuit of this invention, we 
provided the scheme to connect the outputs of the memory for logic in the 
preceding stage with the external output lines that produce the operation 

4 

result of the logic function. As a result, we can take out the outputs of the 
5 memory for logic of the intermediate cell of the LUT cascade as output 
variables, and thus reduce the necessary amount of memory, and increases 
the speed of the operation. 
[0365] 

Moreover, by allocating different LUT memory area for different 
10 objective logic functions, and by selectively changing the accessible memory 
area according to the value of the means to store the designator for block, 
we can implement operations of plural objective logic functions. 
[0366] 

Furthermore, by using input selectors, we can select the input 
15 variables that are sent to the interconnection circuits and the memories for 
logic, for each unit independently. Thus, we can operate plural memories 
for logic at the same time, and implement in the pipelining mode. 



